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Sir: 



I, Clinton A. Krueger, declare as follows: 

1 . I am a chemist and have worked in the biopharmaceutical industry since 1 999, 
most recently at Celera Genomics in South San Francisco. I received a B.S. in Chemistry 
from Bemidji State University in 1992 and a Ph.D in Organic Chemistry from Boston College 
in 1999. 

2. Prior to Celera, I worked at Discovery Partners International (formerly Axys 
Pharmaceuticals) where I initiated and managed the synthesis of numerous solution-phase as 
well as solid-phase compound libraries. Illustrative examples of my published work include: 

Irving, M.; Krueger, C. A.; Wade, I. V.; Hodges, J.; Leopold, K.; Collins, N.; Chan, 
C; Shaqair, S.; Shornikov, A.; Yan, B. "High-Throughput Purification of 
Combinatorial Libraries II: Automated Separation of Single Diastereomers from a 
4-Amido-pyrrolidone Library Containing Intentional Diastereomer Pairs" /. 
Comb. Chem. 2004, 6, 478-486. 

Coumoyer, J. J.; Fang, L.; Krueger, C. A.; Wade, J. V.; Yan, B. "The Application of 
Single Bead FTIR and Color Test for Reaction Monitoring and Building Block 
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Validation in Combinatorial Library Synthesis" Chemical Analysis, Vol 163, 
Wiley Interscience, 2004, Chapter 3. 

Yan, B.; Fang, L.; Irving, M; Zhang, S.; Boldi, A. M.; Woolard, F.; Johnson, C. R; 
Kshirsagar, T.; Figliozzi, G. M.; Krueger, C A.; Collins, N. "Quality Control in 
Combinatorial Chemistry: Determination of the Quantity, Purity, and 
Quantitative Purity of Compounds in Combinatorial Libraries" /. Comb. Chem. 
2003, 5, 547-559. 

Yan, B.; Fang, L; Irving, M. M.; Zhao, J.; Liu, D; Cournoyer, J. J.; Figliozzi, G. M; 
Woolard, F. X.; Krueger, C. A. "Analytical Methods for Optimization and 
Quality Control of Combinatorial Synthesis" Combinatorial Chemistry Methods 
and Protocols - Methods in Molecular Biology, ed. Lisa Bellavance, Humana 
Press, 2001, Part I, Chapter 11. 

3. I have read the above-identified patent application, and believe that the subject 
matter of the claimed invention is in an area of my expertise. 

4. I understand that the captioned application includes claims to a library, wherein 
each member of the library has the chemical structure CTBF-S-S-R 8 wherein R 8 is a straight 
chain alkyl of 1 to 10 carbon atoms that is substituted with an amino and CTBF means a 
candidate target-binding fragment which is a small organic moiety. I find the claimed library 
sufficiently described in paragraphs 148 (general description of R 8 ) and 221 (general 
description of the disulfide containing library) of US 2002/01 15107. Because of the presence 
of a common feature, -S-S- R 8 , this library is distinguishable from others such as those 
described by Roland E. Dolle, Comprehensive Survey of Combinatorial Library Synthesis: 

1 999, Journal of Combinatorial Chemistry 2: 383-433 (2000), a copy of which is attached. 

5. 1 have read and understand U.S. Patent No. 6,552,060. This patent covers 
compounds of the formula R l -S-S-R 2 for treating diseases associated with abnormal cellular 
proliferation or abnormal apoptosis. These compounds are described as asymmetric 
disulfides because R 1 and R 2 are not identical and have divergent functionalities. 

6. The asymmetric disulfide compounds described by the '060 patent are believed to 
interact with thioredoxin and/or thioredoxin reductase. Thioredoxin is a dual cysteine- 
containing protein involved in thiol-redox processes in cells. The cysteine pair in thioredoxin 
is kept in a reduced state by an enzyme, thioredoxin reductase. Figure 5 A-C depicts proposed 
reaction schemes for an asymmetric disulfide R ! -S-S-R 2 with the proteins thioredoxin and 
thioredoxin reductase. Figure 5A-C does not depict mixtures of compounds having the 
formula R'-S-S-R 2 . 

7. The asymmetric disulfide compounds of the r 060 patent were made using parallel 
combinatorial chemistry (col. 22, lines 49-53). This kind of synthesis makes each compound 
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in its own reaction vessel and thus relies on automation to achieve increased synthetic 
productivity. 

8. Given the nature of the compounds disclosed by the '060 patent, I do not believe 
that persons skilled in the art would have been motivated to combine the asymmetric disulfide 
compounds together. Because of the potential for disulfide exchange, the inventors of the 
•060 patent likely elected parallel synthesis to minimize the difficulties that would have been 
encountered using alternative combinatorial methods. Not all classes of compounds are 
amenable to all combinatorial methods. Having invested the time and effort to make the 
asymmetric disulfide compounds using parallel synthesis, it is unlikely that a person skilled in 
the art would take these individual compounds and combine them given that testing pure 
individual compounds is the most quantitative and robust method of screening that was then 
known. See generally, Bruce A. Beutel, "Chapter 22; Strategies for Screening Combinatorial 
Libraries", Combinatorial Chemistry and Molecular Diversity in Drug Discovery, Wiley-Liss, 
Inc. (1998). 

9. I understand one issue in the prosecution of the above captioned application is 
whether a primary amine is essentially equivalent to a hydroxy or an amine such that a person 
skilled in the art upon seeing a hydroxy or chloro-containing compound would be motivated 
to make the amine counterpart with a reasonable expectation of making a compound with 
similar properties. I understand that pages 19-23 of the book by Richard B. Silverman 
entitled "The Organic Chemistry of Drug Design and Drug Action' 1 are cited to support the 
proposition detailed in paragraph 9. I have read and understand the Silverman excerpt and 
respectfully disagree. 

10. The term "isostere" was coined to describe an observation that certain atoms, 
groups, radicals, and molecules have similar physiochemical properties. Silverman in Table 
2.2 (reproduced below) describes the so-called classical isosteres in which he groups together 
the isosteric definitions proposed by Grimm based on hydride displacement and by 
Erlenmeyer based on peripheral electrons. 
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11. Isosteres were first described by Langmuir in 1919. See George A. Patani and 
Edmond J. LaVoie, Bioisosterism: A Rational Approach in Drug Design, Chem. Rev. 96: 
3 1 47-3 1 76 ( 1 996), page 3148, first column. A table showing Langmuir's isosteres is ^ 
reproduced below. According to Langmuir, the CI" can be isosteric with S ", Ar, K + and Ca . 



Groups of Isosteres as Identified by 
Langmuir 



groups Isosteres 

1 ^ H~ He LI* 

2 0* : .lKNe,Na+ IvI^.Al* 

3 S^.Cl-.Ar.lC.Ca** 

4 Cu*\ Zn*+ 
I \ 

8 Ni.CO,CN- 

9 cm, NH 4 + 

10 CO».NiO.N»-, CNO- 
\ I 

20 Mn0 4 *. CKV" 

21 SeO* 1 *. AsO<*- 



12 In 1925, Grimm extended the concept of isosteres using the Hydride 
Displacement Law. A table showing Grimm's isosteres is reproduced below (each vertical 
column represents a group of isosteres). See Patani and LaVoie, page 3148, second column. 
According to Grimm, hydroxy can be an isostere for amino. 
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13. In 1932, Erlenmeyer modified Grimm's definition for isosteres by basing it on 
whether peripheral layers of electrons can be considered identical. A table showing 
Erlenmeyer's isosteres is reproduced below. See Patani and LaVoie, page 3148, second 
column. According to Erlenmeyer, CI can be an isostere for Br, I, SH, and PH 2 . 



Isosteres Based on the Number of 
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no. 


of peripheral electrons 




4 


5 


6 


7 


8 


N+ 

P* 

S+ 

As + 

Sb + 


P 

As 

Sb 


S 
Se 
Te 
PH 


CI 
Br 
I 

SH 
PH 2 


CIH 

BrH 

IH 

SH 2 

PH3 



14 The different classifications by Langmuir, Grimm and Erlenmeyer show that 
which moieties can be considered isosteres depend on which definition is being used. As the 
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different isostere tables reproduced above show, there is no consensus that an amino is an 
isostere for either chloro or hydroxy. 

15. The term "bioisosterism" takes the isosteric concept one step ftirther by requiring 
that some biological property be similar. Typically, medicinal chemists desire to keep one or 
more biological properties constant while modifying others. An iterative approach, this 
method is used to take lead compounds and turn them into drug candidates. Most medicinal 
chemist consider the use of bioisosterism an art because the concept is qualitative and 
intuitive. See Patani and LaVoie, page 3147, second column. The Silverman excerpt 
supports this view and states that modifying some property of a compound is the intent 
behind bioisosterism. As stated by Silverman on page 2 1 , "in making a bioisosteric 
replacement, one or more of the following parameters will change: size, shape, electronic 
distribution, lipid solubility, water solubility, pKa, chemical reactivity and hydrogen bonding 
(emphasis added)." As a result, even if one were to accept the proposition that an amine is 
isosteric or even bioisosteric with hydroxyl or chlorine, based on the nature of the functional 
groups alone, a person skilled in the art would not have any expectation that an amine 
counterpart of a chloro or hydroxy-containing compound would have similar overall 
properties. 

16. My conclusion in paragraph 15 does not contradict with the English translation of 
Buchi J. and "The Consitution-Effect Relationships from a New Viewpoint" Deutsche 
Apotheker-Zeitung 1966, pages 1695-1700 (translation is pages 1-29 as I do not read the 
Buchi publication to stand for the proposition that making isosteric replacements would result 
in compounds with similar properties. What Buchi in fact states on page 2 is that "[ijn 
physical chemistry, according to the definition of Erlenmeyer and Leo, atoms, ions and 
molecues are isosteric if their peripheral electron layers can be seen as identical (emphasis 
added)." Consequently, Buchi then adds that "it should be possible to produce effective 
analogs, since the electronic charge and physical/chemical properties of such molecule should 
hardly change (emphasis added)." 

17. Being similar in the physical chemical sense is not the same as being similar in all 
respects including biological activity. Depending on what property is being looked at, 
examples can be found where an amino counterpart of a chloro or hydroxy-containing 
compound is similar. An example of this is illustrated by Figure 13 and Table 1 1 of Patani 
and LaVoie on page3 153 where analogs of N-(substituted.3-pyridyl)-N T -alkylthioureas were 
evaulated as potassium channel openers. In an in vitro assay using rat portal vein, the ammo, 
methyl, and chloro analogs all showed similar activity. 
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Figure 13. 

Table 11. Inhibition of Spontaneous Mechanical 
Activity in Rat Portal Vein (in Wire) 

maximum effective 
fall in SBP* electro- van der Waal's 
compound X (%) negativity 29 radii* (A) 

IJte NHa 29 2.61 1 79 

19b CH, 18 2.27 .80 

19c CI 27 3.0 1.73 

* Antihypertensive activity measured as maximum % fell 
in systolic blood pressure in anesthetized normotensWe rat by 
iv Injection. 



1 8. In general, similarity of an in vitro property is easier to achieve than similarity of 
an in vivo property. As noted by Patani and LaVoie on page 3151, first column: "[w]hile one 
may observe retention of activity associated with interaction of a drug with the 
pharmacophore, bioisosteres may differ dramatically in their in vivo efficacy." An example of 
this is illustrated by Figure 18 and Table 14 of Patani and LaVoie on page 3154, second 
column where the biological half-lives of para-substituted 2-(diethylamino)ethyl benzoates 
were evaluated. As it can be seen, the half-life of the amino compound is almost 20 fold 
longer than the chloro counterpart. This difference is attributed to the electron-withdrawing 
characteristic of the chloro group likely making the compound more susceptible to hydrolysis. 
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Figure 18. 

Table 14. Biological Half-Uves of Para-Substituted 
Z-(Dlethylamlno)ethyl Benzoates 


compound 


X 


o> tm 


27a 
27b 
27c 
28d 


NHj 
OCH 3 
CI 
CN 


-0.66 96.29 
-0.26 26.75 
0.23 4.94 
0.63 1-28 



1 9. I hereby declare that all the statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true; and 
further, that these statements are made with the knowledge that willful false statements are so 
made punishable by fine or imprisonment, or both, under Section 101 of Title 18 of the 
United States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issuing thereon. 

3j3o J Zoo^ 
Date 
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Continuing with this annual series of comprehensive 
surveys of combinatorial libraries,' the present review 
captures small molecule libraries for pharmaceutical applica- 
tions reported in the literature during the year 1999. The total 
number of libraries published in 1999 was 292. There were 
85 citations for libraries describing biologically active agents 
and 207 citations for library constructs without disclosed 
biological activity. 2 " 252 Overall, these numbers are quite 
similar to those reported in last year's rcview. u Last year, 
the first example of an efficacious and orally active 
compound obtained directly from an optimization library was 
reported. 2 - S3 in addition to new examples of orally bioavail- 
able agents coming from chemical libraries,*- 229 ' 252,501 this year 
marks another milestone: a 500-mcmber optimization library 
played a defining role in the identification of a clinical 
candidate/*-'-' 3 The effort was reported by Agouron Phar- 
maceuticals in their structure-based rhinoviral 3C-protease 
inhibitor program. Achievements such as these are worth 
noting as large capital investments have been made in 
combinatorial chemical technologies. 25 ' 1 Today combinatorial 
synthesis pervades many aspects of drug discovery from lead 
finding and target validation, lead optimization, to enhancing 
corporate compound collections. 

Including the libraries compiled herein, a total of 975 
libraries have been abstracted along with their generic 
structures in this comprehensive review series, 1 beginning 
in 1992 when the first publications of libraries began to 
appear in the literature. An analysis of the data collected in 
the reviews reveals some interesting statistics and trends in 

* R-muil: rohndtf/jpharmacop.com. 



combinatorial chemical research (Figures 1-5). Figure I A 
graphically illustrates the number of libraries published 
during the years 1992-1999 as divided into two broad 
classifications: (1) chemical libraries for which their syn- 
thesis and biological assay data is reported (disclosed 
biological activity), and (2) chemical libraries for which only 
their synthesis was reported and no disclosure of biological 
activity (undisclosed biological activity). The number of 
reports of biologically active libraries grew at a fairly steady 
pace. The largest single jump (10-fold) occurred in 1995, 
with a steep rise occurring in 1998-1999. The 1998 library 
number of 74 is nearly equivalent to the combined total of 
the preceding 6 years. The number of biologically active 
libraries for 1992 through 1999 was 240. In contrast, the 
number of reports of library synthesis without disclosed 
biological activity rose at a much more dramatic pace as the 
nascent field began to take root. In 1992-1994, only 15 
libraries of this type in total had been reported, comparable 
in number to the 12 biologically active libraries reported for 
the same period. Library citations (without biological data) 
increased by a factor of 3 x in 1995 to 43 libraries. In 1996 
library publications of this genre more than doubled (2.5 x), 
held steady for 1997, and then doubled again in 1998 to 247 
libraries. Libraries with undisclosed biological activity fell 
back slightly to 207 libraries in 1999. The total number of 
libraries in this classification is 735, some 70% more than 
reports of biologically active libraries. This gap is not too 
surprising since researchers are anxious to demonstrate new 
chemical methodologies, while safeguarding the structures 
of active library members. Figure IB shows the cumulative 
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Figure I. Libraries by major class. 
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Figure 2. Solid- versus solution-phase for all library constructs 
(I992-I999). 

total of both library classifications, which on balance has 
increased approximately l.5x each year. 

The early appeal of combinatorial chemistry was creating 
large discovery-type libraries through synthesis on solid 
support. In addition to its perceived synthetic advantages., 
solid-phase synthesis was the overwhelming choice for 
library construction in 1 992-1995 (Figure 2). Some 80% 
of the libraries produced in this time period were generated 
on solid support. Solution-phase synthesis surged to 50% of 



Industry 




1992-1998 




1999 



Figure 3. Library contributions by affiliation (1992-1999). 
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Figure 5. Discovery, targeted, and optimization libraries (biologi- 
cally active libraries only), 

the total reports in 1996. This was Jed by advances in the 
development of new solid-phase reagents, scavenger resins, 
novel fluorous-based separations, and automated liquid- 
liquid extractions. Publications of solution-phase library 
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Figure 6. Libraries from polyhalogenated heteroaromatic scaffolds. 

synthesis remained sieady atca. 33% in 1997 and 1998, but 
receded to its 1992-1995 levels (20%) this immediate past 
year. The data suggest that solid-phase synthesis continues 
to hold a dominant position in combinatorial synthesis as 
more and more chemistries are redeveloped on this medium. 

Figure 3 indicates the origin oflibrary contributions over 
the last 8 years, i.e., from the laboratories of academia or 
industry, fn the combined years 1992 -1997, two-thirds of 
the contributions were from industrial laboratories, with this 
number remaining relatively constant in 1998. This past year 
library affiliations moved to an industry:academia ratio of 
1:1. Overall, pharmaceutical and biotechnology industries 
appear to be the prevailing players in the game of small 
molecule combinatorics, motivated by the goal of increasing 
drug discovery speed and reducing costs. The majority of 
academic publications showcased new synthetic methodolo- 
gies. 

Figure 4 reveals the breakdown of libraries by subclass. 
Biologically active libraries are designated into one of five 
subclasses. These include proteolytic enzymes (27%), non- 
proteolytic enzymes (22%), GPCRs (20%), non-GPCRs 
(17%), and cytotoxic and antiinfective agents (14%). Within 
the proteolytic enzyme subclass, serine proteases, namely 
the trypsin superfamily, were the most serened molecular 
targets. For GPCRs, opioid receptors appear to be the 
perennial favorite, not so much as a serious molecular target, 
but a convenient demonstration of library utility. Libraries 
without reported screening data also fall into one of five 



[278] 



categories: scaffold derivatizations (27%), acyclic synthesis 
(19%), monocyclic synthesis (28%), bicyclic and spkocycYic 
synthesis (22%), and polycyclic and macrocyclic synthesis 
(4%). A widely used scaffold or template for derivatization 
is the polyhalogenated heterocycles, e.g., cyanuric chloride 
and trichoropyrimidine (Figure 6), 270-278 Substituted fluo- 
ronitroaromatics have been especially versatile reagents for 
the construction of mono-, bi-, and macrocycles (Figure 
7^255-269 Many of the classical routes to heterocyclcs have 
been reported on solid phase. 290 

Focusing on the 240 biologically active libraries published 
in 1992-1999, one can readily distinguish between discov- 
ery, targeted, and optimization libraries (Figure 5). For the 
purpose of this discussion, discovery libraries are defined 
as typically large in size (>5000 members) having no 
preconceived notions about which molecular target(s) it may 
be active against. Targeted libraries are biased in their design, 
defined as those libraries which contain a pharmacophore 
known to interact with a specific (or family of) molecular 
target. Optimization libraries are defined as those libraries 
in which a lead exists and an attempt is being made to 
improve its potency, selectivity, pharmacokinetic profile, etc. 
Accordingly, each of the 240 libraries have been examined 
and binned into one of these three categories. Between the 
early years 1992-1997, discovery libraries garnered the 
highest percentage of citations at 57%. This was twice the 
percentage of targeted libraries and 4 times the reported 
number of optimization libraries. The number of discovery 



386 Journal of Combinatorial Chemistry, 2000. Vol 2, No. 5 



Reviews 




Figure 7. Libraries from fluoronitroaromatic scaffolds. 
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Figure 8. Dive's libraries of phosphinic acids, 
libraries lias fallen rather significantly in the past two years 
from its 57% high to now the lowest in the group at 21%. 
In the same 2 year period, targeted libraries now top the 
charts, rising from 30% — 45% — 54%. Optimization 
libraries rose from 7% (1992- 1997) to ca. 20% (1999), equal 
to the number of discovery library disclosures, ft is tempting 
to speculate whether this represents a true shift in the way 
the combinatorial chemistry is being valued and applied in 
drug discovery, or an artifact of industrial research released 
for external consumption. 2 Anecdotal evidence from discus- 
sions at recent conferences and literature commentaries 
suggest targeted library collections biased toward a specific 
class or- family of molecular targets and "lead explosion" 
libraries may be preferred over large discovery-type librar- 
ies 2S'i.?7y.2so c er tainly large libraries offer unique advantages 
over smaller focused collections providing they can be 
designed with drug-like properties and screened efficiently 
and the actives can be readily identified. 281 

One of the criticisms leveled against combinatorial chem- 
istry and which may still slow the acceptance of the 
technology is that rhe chemistries generally yield structures 
that are too peptide-like and contain multiple amide bonds. 
This is a valid concern due to the known pharmacokinetic 
liabilities, poor drug-like characteristics, and difficulty in 
optimizing these types of compounds. Data derived from the 
biologically active libraries show that, of the libraries 
reported during 1992-1997, ca. 50% were in fact peptide- 
based (more than three contiguous amino acid residues). 
Approximately 70% of the libraries incorporated one or more 
a-amino acids, and ca. S5% of the libraries contained one 
or more amide bonds (data not shown). In the combined years 
1 998- 1 999, the number of reported peptide libraries fell by 
more than half to ca. 20%, most likely reflecting a bona ftde 
loss in interest in these types of libraries. The use of a-amino 
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Figure 10. Hydroxyethy (amine libraries for cathepsin D and 
plasmepsin II inhibition. 

acids in library construction remains high at ca. 50%, as these 
synthons represent an excellent source of chiral, low mo- 
lecular weight diversity elements. 
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Library 1. 9™ 



J 992 -1 997 1 998 1 999 

peptide-based libraries 50% 20% 21% 

libraries using > 1 amino acid 70% 55% 53% 

libraries containing ^ } amide bond 85% 65% 75% 

Finally, the notion that combinatorial synthesis acting 
alone will accelerate drug discovery research has not been 
borne out by experience over this first decade. Ideology of 
a single universal library as a source of leads against a 
plethora of molecular targets, purported by some, is not 
credible. What is evident is that combinatorial synthesis is 
an important technology among a suite of technologies that 
can be brought to bear on solving drug discovery problems. 

Library Descriptions 

Consistent with the format of previous annual reviews, 1 
the abstracted 1999 libraries are sorted into two major 
categories, libraries with and without associated biological 
activity. Biologically active libraries are further sorted into 
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Library 1.1 5 1 



Enzyme 



five subclasses: proteolytic enzymes (Table 1), nonpro- 
teolytic enzymes (Table 2), GPCRs (Table 3), non-GPCRs 
(Table 4), and cytotoxic and antiinfectivc agents (Table 5). 
The name of each library is given, along with its size and 
affiliation (company name for libraries produced from 
industry, senior author tor libraries reported from academia), 
as well as the structure of the most active compound from 
the library. Each library listed in Tables 1-5 is given a 
library number, e.g., library 2.10 refers to library entry 10 
in Table 2. Libraries without accompanying biological data 
are also segregated into five subclasses. Here each entry is 
further subdivided as per the mode of synthesis, solid- versus 
solution-phase synthesis: scaffold derealization (Table 6a,b), 
acyclic synthesis (Table 7a,b), monocyclic synthesis (Table 
8a,b), bicyclic and spirocyclic synthesis (Table 9a,b), and 
polycyclic and macrocyclic synthesis (Table I0a,b). The 
affiliation of each library is provided, along with the number 
of synthetic examples, range of reported reaction yields, and 
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Library 1 . 9 synthesis: 
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24: most potent compound from the library 
IC 50 = 230 nM 

Figure 11. Mechanism-based libraries targeted for (chymo)trypsin serine proteases. 
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a brief description of its synthesis. As indicated previously, 10 
the size of the reported library does not necessarily reflect 
confirmed library size. Single synthetic transformations, 
phage display, polysaccharide, and polynucleotide libraries, 
and libraries for applications in material science or other 
nonpharmaceutical research areas, are not included in the 
tables. 

Libraries Yielding Proteolytic Enzyme inhibitors 
Each of the four broad classes of proteases— metal lo- 
ll ibraries 1. 1 -1.5), aspartyl- (libraries 1.6- 1 .8), -serine- 
(libraries 1.9-1.18), and cysteine proteases (libraries 1.19- 
1.20)— were targeted for library synthesis (Table 1). As in 
previous years, mechanism-based design strategics were 
generally employed to create protease inhibitor libraries. This 
approach relies on selecting a functional group or pharma- 
cophore known to engage an enzyme's active site residues 
and building a library around the scaffold in an effort to 
obtain potent and selective inhibitors. 

In a continuation of their research on the preparation of 
libraries containing the phosphinic acids, a transition-state 
isostere for metal lo-proteinases, 282 Dive and co-workers 
described the preparation of two new peptide phosphinic acid 
libraries, 1.1 and i.2 (Figure 8). Library I.I yielded a 
selective N-domain inhibitor I of angiotensin I converting 
enzyme (ACE). 04 A selective inhibitor 2 of stromelysin 
(matrix metallo-proteinase-9) was obtained from library 
1.2. 230 The structurally related tripeptide phosphinic acid 
libraries 3 and 4 were first described by Dive in the 
identification of potent and selective inhibitors 5 and 6 of 
the metallo-proteases thimet oligopeptidasc and neurolysin 

I. 282 The ACE inhibitor I is structurally distinct from 
inhibitors 5 and 6, and its discovery is significant in that it 
is the first agent to discriminate between the catalytic N- 
and C-domains in this enzyme. The C-domain of ACE 
catalyzes the hydrolysis of angiotensin 1 and angiotensin 11 
regulating blood pressure, while the N-domain of ACE is 
thought to be responsible for the specific hydrolysis of other 
physiologically important substrates, e.g., Ac-Ser-Asp-Lys- 
Pro, a negative regulator of hematopoietic stem cell dif- 
ferentiation and proliferation. Currently, marketed ACE 
inhibitors do not discriminate between the enzyme's two 
catalytic domains, and thus the selective N-domain inhibitor 
1 may prove to be a useful pharmacological tool in 
understanding the role of the N-domain in vivo. 

Affymax reported the synthesis of two thiol-containing 
dikctopiperazine libraries (libraries 1.3 and 1.4; Figure 9). 221 
The research group previously disclosed these thiol-contain- 
ing heterocycles as possessing inhibitory action against the 
matrix metalloproteinases (MMPs). 283 In the earlier work, 
potent collagenase inhibitors were discovered, but these 
lacked selectivity (7 — 8; 9 — 10). ft was the goal of the 
new libraries to enhance this aspect of the series. Selectivity 
was imparted to the class by incorporating nitrophenylalanine 
as one of the amino acid monomers, furnishing inhibitors 

II, K\ = 47 nM (> 25-fold versus gelatinase B and strome- 
lysin), and 12, K\ — 21 nM (ca. 60-fold selective versus 
gelatinase-B). 

In a full paper, Ellman described further utility of 
hydroxyethylamine libraries as inhibitors of aspartyl pro- 
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Library 1. 19 synthesis: 

1. FftjOjH 

26 27 R?0C ja 




Library 1.19 
(18 members; chemistry 
carried out In IRORI MicroKans) 



Basis set tor library 1.19: 

'•^xxjvc 'xx? f xo 

R* * -CH 2 CHMe 2 . -CH 2 Ph. -CHMej 



Library active: 




33: Calhepsin K inWbiior 
K,.^ = 1.3 nM 
(70-foW selective versus calhepsin L 
1000- (old selective versus cathepsin B) 



Figure 12. l,3-Bis(acylamino)-2-butanones library as cysteine 
protease inhibitors. 239 

teases. 9 - A series of optimization libraries (library 1.7, Table 
I) were systematically prepared, ultimately furnishing potent 
inhibitors of plasmepsin, e.g., 13, although in general, these 
agents demonstrated weak selectivity against cathepsin D 
(Figure 10). Throughout the work, particular attention was 
paid to the physicochemical properties of the libraries and 
resynthesized compounds as measured against the Lipinski 
parameters. Earlier work with libraries of this class furnished 
potent cathepsin D inhibitors (14 — 15). 2 * 5 

Libraries possessing inhibitors of trypsin-like enzymes 
were reported from several groups. These included <5-ke- 
tothiazolcs (library 1.10),- 1 arylamidincs (libraries t.ll and 
J.12), 22 - ,w benzorhiopnenes (library 1J3), ,H and aminocy- 
clohexanones (library 1.1 4). 2 A novel scries of amino acid 
sulfonamides were optimized to yield an orally bioavailable 
thrombin inhibitor (library 1 . 1 8). 252 Two examples of mech- 
anism-based inhibitor libraries of serine proteases leading 
to covalent adduct formation were reported. These include 
the benzisothiazolones (library 1 .9), m yielding inhibitors of 
tryptase, and thiadiazolidin-3-ones (library 1 . 1 5), 128 showing 
a broad spectrum of affinity for serine proteases with a 
(chymo)trypsin-like fold (Figure 11). 

SmitbKline Bcecham published on the design and enzy- 
mology of a novel class of l,3-bis(acylamino)-2-butanones 
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Lead development: j 
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Library 1.20 synthesis: 
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RCOaH. OIEA. HATU. DMF; 
then resin cleavage 




C0 2 Et 



Library 1 .20 
- 500 member optimization library to 
discover a replacement for the metabolically 
labile thlocarbamate in lead 36 



37: W'- 260.000 M'V 1 




38: Wk 1,470,000 M'V 
AG70e8: clinical candidate 



co 2 et 



The N-terminal 
5-meihytisoxazole-3-ca&oxamide 
identified in library 1 .20 
was retained In the clinical 
candidate. 



Figure 13. Optimization library 1.20 and the identification of a clinical candidate for human rhinovirus 3C protease. 66 - 153 



as cysteine protease inhibitors. 239 Their interest in this area 
is a result of a discovery program aimed at identifying 
inhibitors of cathepsin K. m Cathepsin K. is a cysteine 
protease that degrades collagen at sites of bone remodeling, 
and inhibitors thereof may represent potential antiosteoporetic 
agents. In an effort to facilitate the rapid optimization of the 
l,3-bis(acylamino)-2-butanone inhibitors, a solid-phase syn- 
thesis for this class of compounds was developed (Figure 
12). Using the acid labile BAL aldehyde linker on polysty- 
rene resin, the synthesis was initiated via the reductive 
amidation of amino acid esters onto linker 20. Acylation of 
the resulting secondary amine and hydrolysis furnished acid 
28. Coupling 28 to the orthogonal protected azide amine 29 
gave resin-bound intermediate 30. Azide 29 was prepared 
in solution via a four-step sequence from Boc-alanine methyl 
ester. Reduction of the azido group in 30, then acylation with 
3~(2-pyridinyl)phenylacetic acid, and acid-mediated cleavage 
furnished the library compounds. Although optically active 



synthons were used in the library construction, inspection 
of the final products showed that epimcrization had occurred 
to some extent. This was thought to take place during the 
coupling of azide 29 with rcsin-bound acid and upon the 
hydrolysis of the dimethyl ketal protecting group. Library 
synthesis was carried out using the IRORI R ( tags. Evaluation 
of the library against cathepsins K, L, and B revealed 
interesting SAR. The library was essentially devoid of 
cathepsin B activity. This was believed to be due to an 
unfavorable interaction of the heterobiaryl with an insertion 
loop present on the S' side of the enzyme. Cathepsin K had 
a strong preference For leucine versus phenylalanine at the 
P 2 position, while cathepsin L showed a slight preference 
for phenylalanine. The most potent cathepsin K inhibitor was 
compound 33: K\ = 1.3 nM, ca. 70-fold selective versus 
cathepsin L. 

A beautiful example of the application of solid-phase 
chemistry in drug discovery is found in the optimization of 
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II 

OH 



-»V A_ -TV Y° ft 




(1640 members) 42: 35 nM 43: K ( = 73 nM 

Selective Src tyrosine kinase inhibitors 
Figure 14. I ^-Benzodiazepines as inhibitors of Src protein tyrosine kinase. 187 
Ugi libraries: 
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R 0 
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Cdc25 phosphatase inhibitors: 
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Figure 15. Ugi libraries of Cdc25 phosphatase inhibitors. 14 

irreversible human rhinovirus 3C protease inhibitors leading 
to a clinical candidate. 66 - 153 Researchers at Agouron Phar- 
maceuticals had shown that substrate-based peptide alde- 
hydes, represented by 34, were potent, reversible inhibitors 
of 3C protease. Due to the well-known pharmacological 
limitations of peptide aldehydes as viable drug candidates, 
the group turned to peptide Michael acceptors as covalent, 
irreversible inhibitors of the cysteine protease with the belief 
that the electrophilicity of these agents could be sufficiently 
modulated through high enzyme specificity. The lead com- 
pound 35, based on the enzyme's Pt and P 2 specificity 



H0 2 C O 




preferences, possessed a second -order rate constant k^bJl — 
25 000 M~ l s" 1 . Exchange of the N-terminal benzyloxycar- 
bamoyl group in 35 for the benzylthiocarbamoyl group led 
to a J 0-fold increase in the second-order rate constant (36: 
k obs /I - 280 000 M" 1 s" 1 ). The rationale for the boost in 
affinity was provided through analysis of the .X-ray crystal 
structure of inhibitor 36 bound to serotype-2 3C protease. 
The crystal structure revealed that the thiocarbamate sulfur 
atom lies deep in the enzyme's Sa pocket and is in van der 
Waals contact with the S 4 subsite's Phe residue. This is in 
contrast to the oxygen analogue 35. However, there was 
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bioavailability (F) =21% 
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54: IC 50 - 0.2 nM 
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oral dosing nude mice at 100 mpk, qd effected 
54% reduction in tumor size relative to controls 



Figure 16. Abbott's FTase libraries. RJ 01 



Reviews 



Journal of Combinatorial Chemistry, 2000, Vol 2, No. 5 393 



Initial lead 55 identified by NMR 
examining changes in amide 
chemical shifts of Frni protein-bound 
S-adenosyl-L-homocysteine (SAH) 
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library generation 



Library 2.8b 
(4ti members) 

Figure 17. Inhibitors of Erm methyltransferase by NMR and parallel 
concern that the thiocarbamate moiety would prove to be a 
metabolic and/or toxicologic liability, and thus an N-terminal 
surrogate was sought. This was carried out through solid- 
phase chemical optimization. Library 1.20 was created by 
attaching glutamic acid analogue 39 to Rink resin (Figure 
13). Amide 40 so obtained was deprotectcd and subjected 
to amino acid couplings to furnish 41 after Fmoc-deprotec- 
tion. Amine 41 was a key intermediate derivatized with some 
500 acylating reagents to generate the optimization library. 
Evaluation of library 1.20 using a high throughput assay 
identified the 5-methylisoxzolc-3-carboxyl group as the 
preferred N-terminal surrogate. This heterocycle was incor- 
porated into the main scries (36 — 37). Compound 37 
(AW/ = 260 000 M"' s"') was essentially cquipotent with 
thiocarbamate 36 {k 0 Jt = 280 000 M" 1 s" 1 ). Further 
analogues produced inhibitor 38 (AG7088; k*JI = 1 470 000 
M~' s"') with reduced peptide character. AG7088 is currently 
undergoing clinical evaluation for the treatment of rhinoviral- 
mcdiatcd infections, e.g., the common cold. This research 



62: K, = 4 nM 
synthesis. 14 

effort represents a prime example of the value of combina- 
torial chemistry (solid-phase synthesis) in lead optimization. 
In this instance, the N-terminal capping element 5-methyl- 
isoxazole-3-carboxamide identified in library 1.20 was 
retained in the clinical candidate. 

Libraries Yielding Nonproteolytic Enzyme Inhibitors 

Table 2 lists 19 libraries displaying activity against 
nonproteolytic-type enzymes. The table is subdivided into 
kinases and phosphatases (entries 2.1-2.4), transferases 
(entries 2.5-2.8), reductases and dehydratases (entries 2.9- 
2.12), and miscellaneous mammalian and nonmammalian 
enzymes (entries 2.13—2.19). 

Benzodiazepine library 2.1, composed of 1640 members 
and prepared in the Ellman group, was screened against a 
wide variety of protein tyrosine kinases including Src, Yes, 
Abi, Lck, Csk, and fibroblast growth factor receptor (Figure 
14). ,R7 Binding was observed only against the Src family 
(mixed against the peptidic substrate, K\ = 35 ^M; noncom- 
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Figure 18. Merck's PDE-4 optimization library 2.15. 93 
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petitive against ATP-Mg, K x = 17 /<M). Preferred ring 
substituents include the /?-hydroxyphenyl and p-hydroxy- 
benzyl groups. The small nonpeptide, nonnucleotidc class 
of compounds is structurally unique among known kinase 
inhibitors. Lead 42 is an inhibitor of colony formation of 
HT-29 colon adenocarcinoma cells that are dependent on 
Src activity. 

A four-component Ugi condensation was used to create 
three libraries (2.4a— c) containing potential phosphatase 
inhibitors (Figure 15). H These libraries incorporated a 
selection of known phosphate mimics as either the aldehyde 
or acid Ugi reaction partners. Libraries were screened against 
cell cycle phosphatase Cdc25 > an oncology target. A number 
of structures (e.g., 44-46) were found to be active. Potencies 
of resynthesized compounds ranged from 0.7 to 35 ^M. 

Protein farnesyltransferase (FTase) is responsible for the 
farnesylation of oncogenic Ras proteins, a posttranslational 
modification required for membrane association and signal 
transduction. Inhibitors of FTasc block mitogenic signaling 
pathway leading to uncontrolled cell division; hence, the 
enzyme is an attractive target for cancer chemotherapy. 
Abbott produced two optimization libraries 2.6 8 and 2.7 f01 
in an effort to enhance the pharmacokinetic properties of 
their lead 47 (Figure 16). Biaryl 47 is a potent, non-cysteine, 
inhibitor of FTasc (IC50 = 0.4 nM) and active in whole ceils. 
In-house studies suggested the pyridinyl ether in 47 is a 
metabolic liability, presumably through unwanted formation 
of the pyridine /V-oxide. Evidence for this was obtained upon 
replacement of the pyridinyl ring with a furfuryl moiety, 
which afforded ether 48 having 30% oral bioavailability in 
the rat, albeit reduction in enzyme affinity. Bromide 49 was 
an advanced intermediate used for the generation of a library 
of furanylbiaryls (library 2.6) via solution-phase Suzuki 
coupling. A number of potent FTase inhibitors were found 
in the library. In particular, the 5-(4-chlorophenyl)furfuryl 
ether 50 restored enzyme and cellular potency and was found 
to have reasonable pharmacokinetic properties. 

In library 2.7, benzylamines were explored as replacements 
of the pyridinyl ether in 47. ,01 Resin-bound aldehyde 51 was 



subjected to reductive amination with a host of amines. 
Inhibitor 52, derived from cyclohexylalaninol, demonstrated 
nanomolar activity (IC50 = 8 nM). Modification of the biary! 
to append an o-methyl substituent and replacing the hydroxyl 
with a thioethyl group furnished inhibitor 54 having high in 
vitro (IC 50 = 0.2 nM) and cellular activity (EC50 = 4.4 nM). 
Compound 54 was also active in vivo. 

Erm (erythromycin-resistance) family of methyltrans- 
ferases catalyzes the mono- and dimethylation of the N6- 
amino group in adenine using S-adcnosylmethionine (Ado- 
Met) as a methyl source. This action results in base-specific 
23S ribosomal RNA methylation, preventing the binding of 
certain macrolide antibiotics, and is the mechanism by which 
pathogenic bacteria may become resistant to these antibiotics. 
Studies have shown that inhibitors of Erm methyltransferase 
in combination with a broad-spectrum macrolide antibiotic 
may be useful in treating resistant bacteria. Using SAR by 
NMR, triazinc 55 (and several other classes of small 
molecules) was identified as a weak inhibitor of ErmAM 
methyltransferase (Figure 17). K9 The compound caused 
chemical shift changes in Erm protein-bound S-adenosyl-L- 
homocysteine (63; SAH), and its binding was competitive 
with this naturally occurring Erm inhibitor. In-house ana- 
logues of 55 showed that the activity of this class could be 
modulated by varying ring substituents (e.g., 56-58), leading 
to the synthesis of the piperidinylaminotriazine 59 (K\ = 75 
jaM). Keeping the amino and piperidinyl substituents in 59 
constant, library 2.8a of 232 members was created. Evalu- 
ation of the library revealed the 2-aminoindanyl as a par- 
ticularly effective synthon, yielding an ErmAM inhibitor 
60: Ki - 8 ,uM. The corresponding l-aminoindanyl congener 
was 10-fold less active. Library 2.8b further explored the 
SAR of the class wherein the amino and indanyl substituents 
were held constant while varying the piperidinyl group. 
Thislibrary led to a further 2-fold increase in potency; the 
anilino group was preferred over pipcridine (60 — 62). 
Further NMR and X-ray crystallographic studies indicated 
that the anilino group in 62 partially fills the space occupied 
by the ribose ring of SAH (63), while the amino acid portion 



396 Journal of Combinatorial Chemistty, 2000, Vol. 2, No. 5 
Lead structures: 



Reviews 



Et 2 NOC 



EtsNOC 



Library 3.1 a,b 
Library 3.2 
Library 3.3 



88: SNC-80 
IC50 8 opiod = 2.2 nM 
(Glaxo Wellcome lead) 



Liora/y 3. 1a,b synthesis'. 



89: IC 50 5opiod = 4.1 nM 
(In initial exploration of SNC-80, the 
OMe and Me substituents were found 
unnecessary for activity) 



o 



(REM resin) 



H 

90; R = C02tBu 
91: R a Sn8u 3 



92: R = CC^tBu 
93: R = SnBu 3 



(R - COjtBu) 2 . RRNH or 
1 ROM, OIC, 
r HOST 



AfBf,Pd° 
(R - SnBua) 



O 

0 N 

94: Ar = aryi, heteroaryl 



CH 2 CHCH,8f 
D1EA. CH,Clj 



RXOi 



CHjCHCH^Br 
DIEA.CHjCtj 



95: X = O, NR 



Library 3.1a: R = C0 2 R, CONRR 
Library 3.1b: R = aryt, heteraryl 



Library 3.2 synthesis: 




1. r'f^nh 

2. EtjNH, AJClj Et 2 N 




k^NR Et 2 N 

2. £t,NH. AlClj 



Library 3.3 

Figure 20. Delta opioid ligands from Organoids libraries 3.1a,b-3.3. ll,3S 
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Library synthesis: 
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109 
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OH 

Library 3.6 
Purified (Ambertyst ion exchange 
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compound syndesis. 

Figure 21. Merck's library of 3-aryloxy-2-propanolamines. 229 

of SAH is completely unoccupied. This suggests that 
additional gains in potency may be achieved by further 
structural modifications of 62, engaging unoccupied binding 
sites in ErmAM. 

The solid-phase synthesis of highly substituted thiophene 
derivatives and their activity against the cyclic nucleotide 
phosphodiestcrase-4 (PDE-4) enzyme were described by 
researchers at Merck Frosst (Figure 18). 93 PDE-4 is a member 
of a broad class of hydrolases and is primarily responsible 
for the hydrolysis of cAMP in inflammatory and immune 
cells. Rolipram 64, piclamilast 65, and ariflo 66 arc examples 
of PDE-4 inhibitors currently in development for (he treat- 
ment of depression, rheumatoid arthritis, and asthma, re- 
spectively. Library 2.15 was based on the lead structure 67, 
a trisubstituted furan, presumably identified through screen- 
ing an internal compound collection, possessing an IC50 — 
2.5 /xM against PDE-4. Initial SAR reveaJed that furan and 
thiophene cores were interchangeable providing thai the 2- 
and 5-aryl rings remained intact. In contemplating a library 
design, the btaryl rings were thought to be introduced by 
Suzuki-type couplings. A bromomethyl group was fixed at 
position C(3) to facilitate the introduction of a broad range 
of substituents at this position via nucleophilic substitution. 
For the actual solid-phase synthesis, bromo- and iodo- 
substituted aromatic carboxylic acids were first attached to 
Wang resin to give 72. Suzuki coupling to readily available 
boronic acid 71 furnished hydroxymethylthiophene interme- 
diate 73. Bromination of the resin-bound 73 using 2 equiv 
of NBS in THF containing 2% water occurred in high yield 
without compromising the linker. Bromide 74 in turn was 
subjected to a second Suzuki coupling with a host of aryl 
and heteroaryl boronic acids to give the 2,5-biaryl-3- 
hydroxymethylthiophenes 75. Conversion of the hydroxy 




110 

Kj 5-HT 1A = 8.3 nM 
Kj 5-HT re-uptake = 10 nM 
65% orally bioavallable, rat 



group to the corresponding bromide was accomplished using 
bromotriphenylphosphine bromide in methylene chloride 
(75 — " 76). Bromomethyl intermediate 76 was treated with 
a range of nitrogen and sulfur nucleophiles, affording library 
2. 15. Alternatively, carbon-carbon bond formation via Pd- 
catalyzed coupling of 76 with lithoaryltriisopropylboronates 
led to the direct exchange of the bromine atom for an aryl 
ring. One of the more potent PDE-4 inhibitors identified from 
the library was 77, IC50 = 8.0 nM. This inhibitor contained 
the 3-cyclopentyloxy-4-methoxyphenyl ring at C(5), a sub- 
stituent shared by known PDE-4 inhibitors 64-66. 

DNA gyrase inhibitors were identified from a library of 
tetrahydro-^-carbolines (library 2.19, Figure 19). 250 The key 
intermediate for the library was the resin-bound amino acid 
aldehyde 85 prepared by sequentially attaching amino acid 
fluorcnylmethyl esters to chlorocarbonate resin, followed by 
deprotection, reduction of the corresponding activated pen- 
tafluorophenyl esters with tetrabutylammonium borohydride, 
and oxidation with sulfur trioxide-pyridine complex (82 — 
83 — 84). Pictet-Spenglcr reaction of 85 with a series of 
tryptamines and then derivatization of the resulting secondary 
amino function of the tetrahydro-/3~carboline furnished library 
2.19. 

Libraries Yielding G-Prorein Coupled Receptor 
Agonists and Antagonists 

Entries in Table 3 refer to those libraries that have yielded 
agents with binding affinity toward G-protein coupled 
receptors (GPCRs). Within the table are libraries active 
against opioid receptors (libraries 3.1-3.5), serotonin recep- 
tors (libraries 3.6 and 3.7), somatostatin receptors (libraries 
3.8-3.9), and assorted miscellaneous receptors (libraries 
3.10-3.15). 
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Turn mimetic synthesis: 

^9 1. NaOMe 

Av^SAC 2, BT^disuffl da 

H A 
116 



O 



OMs 



117 



118 



NH.-moc 



0 o^^A.*- 



Br 



119 



HOzC' 



NM< 2 



121 

Figure 22. Biological activities of Eliman's turn mimeti: library. 2 ' 3 

Several focused libraries of 6 opioid Iigands based on the 
Glaxo Wellcome lead SNC-80 88 were synthesized at 
Organon (Figure 20). 11,55 Initial SAR studies indicated that 
the aryl methoxy and piperazinyl methyl groups were not 
critical for 6 opioid affinity, but the A'.A'-dicthylcarboxamidc 
was an essential structural feature. This is represented by 
structure 89: d opioid TC 5 o = 4.1 nM, and > 1000-fold 
selective versus the pi and k opioid receptors. Jn an clTorx to 
further explore the SAR, four optimization libraries were 
prepared. Libraries 3.1a and 3.1b relied on RUM resin 
methodology to strategically target the carboxamide group 
for modification. In this chemistry, piperazines 90 and 91 
were coupled to REM resin to give ester 92 and stannane 
93, respectively. Selective deprotection of the /er/-butyl ester 
group with TFA furnished the corresponding acid, which in 
turn was converted to cither an ester or amide (92 -* 95). 
Stannane 93 was subjected to Sti lie coupling to 10 3.7! and 
heteroaryl bromides (93 — 94). Release of library compounds 
was achieved after quatcrnization of resins 94 and 95 with 
allyl bromide and Hofmann elimination (Hunig's base, 18 
h, 20 °C). No significant improvement in activiry was 
observed. 



120 



Libraries 3.8, 3.1 0*' 21 3 



In complementary optimization libraries 3.2 and 3.3, 
piperazine replacements (cyclic diamines) and /V-substiaued 
piperazines were investigated (Figure 20)." In these libraries 
the diethylcarboxamide group was retained. None of the 
cyclic diamines were as active as piperazine, but a 4-fold 
improvement in binding affinity was observed when pip- 
eronyl was substituted for allyl; 100: IC50 = 1.4 nM. 
Reintroducing the dimethyl groups and piperazine stereo- 
chemistry as per SNC-80, gave 101 with subnanomolar 
potency against the d opioid receptor. 

A solution-phase synthesis was developed for the prepara- 
tion of 3-aryloxy-2-propanolamine libraries (library 3.6, 
Figure 2 1). 229 Specific interest in this class of compound 
stems from an interest in identifying dual affinity 5-HT IA 
and 5-HT re-uptake Iigands as potential antidepressants with 
improved side effects. The library design focused on modify- 
ing pindolol 102 (partial 5-HTu agonist). A diverse set of 
amine and phenol synthons were utilized in the library. These 
were obtained from commercial sources and in-house 
"privileged structures", as well as selections based on amine 
fragments from serotonin rc-uptake blockers and substituted 
phenols from 5-HT, A Iigands. Binding data were first 
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Library synthesis: 
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Figure 23. Neuropeptide Y-l antagonists from library 3.14. 205 

obtained on purified mixtures containing up to 100 com- 
pounds per well, then deconvolved to yield single com- 
pounds. Several potent 5-HT| A ligands were identified. The 
simple substituted phenols were found to be superior to the 
indole in pindolol 102. The spirocyclic amine found in 107— 
110 was the only amine to give consistent levels of dual 
activity (binding at serotonin re-uptake receptors and 5-HT| A 
receptors). Compound 1 10 demonstrated nearly full agonism 
at 5-HT|,\ and potent re-uptake blocking properties. Com- 
pound 110 was found to be 65% orally bioavailable in the 
rat (3 mg/kg) possesing a l\n = 3.0 h. 

lEIIman published a full report on the synthesis of a turn 
mimetic library (libraries 3.8 and 3.10; Figure 22). 06 - 213 The 
synthesis takes advantage of a facile inrramolecular-cyclative 
thiol Sn2 displacement, simultaneously cleaving material 
from resin and creating the penultimate 9- and 10-member 
rings. Preliminary reports of this chemistry have appeared 
in the literature as well as multiple biological activities 
associated with this interesting class of medium-sized 



heterocycles. Turn mimetics have shown activity as integrin 
antagonists, 2 * 6 human neutrophile receptor (fMLF) inhibi- 
tors, 287 and selective agonists against somatostatin-5 253 and 
melanocortin-1. 96 

A full disclosure of the library synthesis (library 3.9) and 
screening of Merck's selective somatostatin receptor agonists 
was published this past year. 15 *- 288 

Neuropeptide Y, found in both the peripheral and central 
nervous systems, is believed to be involved in the regulation 
of feeding, energy metabolism, vascular tone, learning and 
memory, and the release of pituitary hormones. To date, six 
receptors of this family have been characterized pharmaco- 
logically. Several antagonists of the NPY-1 receptor have 
been reported in the literature. One class of compounds 
discovered at Lilly is the benzimidazoies, represented by 
structure 123 (Figure 23). 205 The potent NPY-l antagonist 
was obtained following extensive medicinal chemical opti- 
mization, starting from the 3 /<M in-house screening hit 122. 
Using the combined applications of computational chemistry 
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NK-3 antagonists: 
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Figure 24. Human neurokinin-3 receptor antagonists. 188 

and parallel solid-phase synthesis, further optimization of 
123 was undertaken. Computer modeling suggested that the 
interactions between the distal piperidine group and salient 
residues in the operative NPY-1 model may not be optimal 
for high affinity binding. With this hypothesis in mind, 
library 3.14 was constructed to explore alternative amines. 
Chemistry was carried out via the reductive amination using 
resin-bound aldehyde 124 and ca, 100 amines. Amines were 
selected by initially searching the ACD database of com- 
mercially available primary amines (6642 matches). The 
"master list" was reduced in a first round by discarding 
amines containing carboxylic acids and MW >250 (1636 
matches) and in a second round by similarity clustering (577 
matches). A final list of amine synthons was generated by 
human selection to < 100 amines. Some 85-90 compounds 
were prepared in the library and each evaluated against NPY- 
l. Only one compound appeared more active than 123, and 
that was a compound obtained from the reductive amination 



135:K,»513nM 



of aldehyde 124 with Af-methyI-2-aminoethyIpyrroIe. How- 
ever, the structure of the expected product 127 was incon- 
sistent with its spectroscopic data. It turned out that, in this 
particular ease, the intermediate imine 126 undergoes a 
spontaneous Pictet-Spengler cyclization affording tctrahy- 
dro-5-aza-indole 128. This is the second solid-phase synthesis 
example where the occurrence of an unanticipated side 
reaction yielded a biologically active agent. 289 

An interesting application of combinatorial library syn- 
thesis is in the rapid evaluation of "competitor compounds". 
It is not uncommon in the pharmaceutical industry to have 
multiple companies simultaneously pursue drug discovery 
programs focused on an identical molecular target in the race 
to be first to market with a breakthrough drug. For this 
reason, when a competitor publishes the structure and 
biological activity of a "hot target", other research groups 
will prepare this compound and use it as a benchmark against 
their own series, in many instances however, much of the 
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Figure 25. Potassium channel blockers obtained from Biosym/MSrs ligand design program LUDI and parallel synthesis.' 
Multidrug resistance pump inhibitors 
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Figure 26. Natural product-based libraries. 
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SAR around the structure is unpublished and kept secret, 
although this information can be invaluable in enhancing 
one's own lead series. Library 3,15 is an optimization library 
synthesized at SmithfCline Beecham and designed to explore 
the SAR requirements of the 3,4-diclorophenylpiperidine 
class of NK-3 receptor antagonists (Figure 24). 188 This class 
of agent was first reported by Sanofi (e.g M SR 142801 : 129), 
but SAR data was virtually nonexistent in the literature. 
Using a combinatorial chemical approach, SmithKlinc was 
able to rapidly generate analogues of interest. This was 
carrried out synthetically by sequential reaction of the 
Afunctional derivative J 30, denv&d from the key (3,4- 
dich1orophenyl)-3-propylpiperidine pharmacophore, with 
amines and electrophiles (library 3.15: I32a-c). ,SK . 

Libraries Yielding Non-GPCR Ligands 

Libraries yielding active structures against non-GPCR 
molecular targets are delineated in Table 4. Table 4 is 
subdivided into integrin receptors (libraries 4.1—4,5), ion 
channels (libraries 4.6 and 4.7), and miscellaneous targets 
(libraries 4.8-4.12). 

Three of the five libraries describing integrin antagonists 
were direct takeoffs of the well-known -Arg-Gly-Asp- 
binding motif linking basic guanidyl and carboxylic acid 
residues through an optimal spacer. Library 4.1 utilizes an 
azapeptide-type spacer 77 while isoxazole linkers were utilized 
by DuPont (libraries 4.3 and 4.4). ,% A new binding motif, 
D-Pro-D-Tyr-D-Leu-, identified in Selectide's library 4.2 is 
of interest as it is a neutral ligand, 223 although its affinity is 
rather weak (14 juM) compared to classical charged ligands 
possessing nanomolar affinity. Optimization library 4.5 was 
part of a broad-based medicinal chemistry effort to identifiy 
potent integrin antagonists incorporating piperidine as a 
surrogate for the guanidyl residue. 



An interesting new series of phenyl substituted stilbenes 
as voltage gated potassium channel blockers were described 
by Lew and Chambcrlin (library 4.7, Figure 25). 145 The 
stilbene pharmacophore was computationally designed using 
LUDl, a Biosym/MSl ligand design program, and predicted 
to block the potassium channel. A combinatorial library of 
LUDl hits was generated furnishing leads 142 and 143 
for further studies. 

Libraries of Cytotoxic and Antiinfective Agents 

Table 5 contains 17 libraries subdivided into two categories 
demonstrating cytotoxic activity (libraries 5.1-5.5) and 
antiinfective activity, including antibacrerials (libraries 5.6- 
5.13), antirugals (libraries 5.14-5.15), and antivirals (librar- 
ies 5.16 and 5.17). One reoccurring theme in this set of 
entries is the use of natural products as templates or starting 
points for library design. Examples of this include (-)- 
stipiamide-based library 5.1, 4 cstradiol-bascd library 5.4, 227 
(-)-indolactam V-based library 5.5, ,56 kramerixin-based 
library 5.15, 68 and the prostanoid-bascd library 5.16 (Figure 
26). MI 

Isis described a series of libraries using a technique of 
"simultaneous addition of fuctionality" in which chemically 
reactive polyhalogenated heterocycles arc treated with excess 
nucleophilcs to create libraries possessing antibacterial 
activity (libraries 5. 11-5.1 3).' 19 No specific compounds were 
identified from the libraries. Polyhalogenated heteroaromatics 
as well as the corresponding reactive fluoronitroaromatics 
have been used extensively over the past several years in 
the synthesis of biologically active libraries and other library 
constructs of medicinal interest (Figures 6 and 7). 

Acknowledgment. Many thanks to Ms. Karen Rivera for 
her invaluable assistance in the preparation of this manuscript 
and for her expertise and perseverance in chemical structure 
drawing. 



Table 1. Chemical Libraries Targeted for Proteases" 



Metalto-proteases 
Library: 1.1 

Name: Phosphinic peptide 
Size: 400 members 
Affiliation; Dive, V.; el at. [64] 
Note: Twenty peptide mixtures 
each containing a single Aa, 
with a mixture of 20 Aa 2 . 



Library: ^2 

Name: Phosphinic tripeptide 
Size: Not defined 
Affiliation: Oive, V.; etal, [2301 
Note: Several libraries prepared. 



Ac-Aa,-Phev(PO,-CH 2 )Aia-Aa r NH 2 



R -HN 



O R 

I OH 
R 2 



CO-NH-Aa,-NH 2 



NH 2 



Enzyme: Somatic angiotensin converting enzyme (ACE) 
Activity: K| * 12 nM, ACE (N-domain); k ( = 25 uM, ACE 
(C -domain) 




Enzyme: MMP-11 (stromelysin-3) 
Activity: K, = 0.9 nM (K, = 24 nM. MMP-2; 
Ki 3 7 nM, MMP-9; K, » 32 nM, MMP-U; 
K, = 36 nM. MMP-1; K, 1 17 nM, MMP-7; 
K } «5nM.MMP-8) 



Reviews Journal of Combinatorial Chemistry, 2000, Vol 2, No. 5 403 
Table 1. (Continued) 



Library: 1.3 

Name: Oiketopiperazine 

Size: 1225 members 

Affiliation: Affymax Res. Inst. (221) 




N0 2 



Enzyme: Cotlagenase-1 

Activity: IC 50 - 47 nM (IC 50 = 1200 nM, gelatinase-B; 
>4000 nM, stromelysin) 



OMe 



Library: 1.4 

Name: Diketopiperazine 
Size: ca. 700-900 members 
Affiliation: Affymax Res. Inst. [2211 
Note: Three-component Ugi 
condensation. 




N0 2 



Enzyme: Coilagenase-1 

ICso = 21 nM (IC 50 * 1300 nM, getatinase-B) 



Library: 1.5 

Name: Urea-based hydroxymate 
Size: Not defined 

Affiliation: Lauhon, C. T.; et at. [247) 



Aspartic acid proteases 
Library: 1 .6 

Name: Pseudotripeptide 

Size: 380 members 

Affiliation: Roques, B. P.; etat. (59] 

Note: Two positional scanning 

libraries. 



R 1 



O 

A kl ,R 3 



OR 



SH 



V 



Aa,Aa 2 -OH 




HO 



Enzyme: Gelatinase (MMP-2) 
Activity: IC M = 300 nM 




SH „ O f° C 

I n i m ii 



CO z H 
OH 



S0 3 H 1 

Enzyme; Aminopeptidase A 
Activity: K) =* 3.2 nM 



Ubrary: 1.7 

Name: Hydroxyethytamine 
Size. ca. 170 members 
AlfUiation: Eilman, J. A.; et at. [95] 
Note: Six iterative libraries 
for lead optimization. 



Library: 1.B 

Name: Amide derivative 
Size: 300 members 
Affiliation: Bayer Corp. [47] 
Note: Solution-phase synthesis 
using porymer bound reagents. 



0 

Enzyme: Plasmepsm II (P. falciparum) 
Activity: K, = 2 nM (K, = 9.8 nM, cathepsin D) 



CF 3 S 



O OH 




Enzyme: Cathepsin D 
Activity. IC W - 320 nM 



CI 
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Serine proteases 



Library: 1.9 

Name: Banzisothiazolone 
Size: 60 members 

Affiliation: Bristol-Myers Squibb (243) 
Note: Encoded split-pool 
library using A/tags. 




Activity: ICjq - 0.23 \xM 



Library: 1.10 

Name: Peptide ketothiazole 
Size: ca. 150 members 
Affiliation: Organon Labs [3] 




Enzyme: Factor Xa 
Activity: IC50 ■ 0.43 nM 
(IC W - 4. B uM, thrombin) 



Library: 1.11 




Enzyme: Thrombin 
Activity: Photo -reversible inactivation 



Library: 1.12 

Name: Phenyiamidine 

Size: 10 members 

Affiliation: Hoffmann-La Roche {22) 

Note: Combinatorial docking procedure 

ted to selection of library compounds. 




Enzyme: Thrombin 
Activity: K- t = 9.5 nM 
(Kj * 520 nM, trypsin) 



Library: 1.T3 

Name: Benzothiophene 

Size: 346 members 

Affiliation: Sphinx Pharm. [114] 

Note: Solid-phase Mitsunobu 

chemistry and parallel purification. 




Enzyme: Thrombin (human) 
Activity: K 1SJ = IpM (0.02 pM, Factor Xa) 



Library: 1.14 

Name: Cyefohexanone peptide 
Size: 400 members 
Affiliation; Seto, C.T.; eta!. [2] 



Cbz 



R u O OR' 




Enzyme: Factor Xa (human) 

Activity: K w = 5.0 nM (2.3 nM, thrombin) 





Enzyme: Plasmin 
Activity: K, «= 5 \iM 



Reviews Journal of Combinatorial Chemistry, 2000, Vol. 2, No. 5 405 
Table 1, (Continued) 



Library: 1.15 

Name: 1,2,5-Thiadiazolidin-3-one 
Size: ca. 12 members 
Affiliation: Groutas, W. C; etal. [128} 
Note: Solution-phase synthesis. 




Enzyme: Etastase (human leukocyte) 
Activity. k^j/K, « 95.000 M'V 1 



Ubrary: 1.16 

Name: Disubstituted xanthenes 
Size: ca. 12 members 
Affiliation: Pryor, K. E.; etal. (186) 
Nole: Two-phase colorimetry 
based screen for inhibition. 




Enzyme: (human leukocyte) Elastase 
Activity: K<= 86nM 



Library: 1.17 

Name: Tetrahydrotsoqulnolin 
Size: 2560 members 
Affiliation: Sergheraert, C; ot at. (232) 
Note: Solution-phase synthesis. 




Enzyme: Prolyl endopeptidase (Trypanosoma cruzty 
Activity: IC50 = 9.0 nM 



Library: 1.18 
Name: Sulfonamides 
Size: 198 members 



Affiliation: Novarlis (252) 
Note: Optimization library. 




Enzyme: Thrombin 

Activity: K, = 1 47 nM (55% oraf bioavailability (30 mg/kg, 
p.o.) in rat; \ m = 120-180 min; 3.36 mg.mL'' 

Cysteine proteases 
Library: 1.19 

Name: Acylaminobutanone 
Size: 1 8 members 

Affiliation: SmllhKllne Beecham (239J 



Note: R, encoding. 




Enzyme: Cathepsin K 

Activity: K<,,pp =1.3nM (K iiapp = 90 nM. cathepsin L; 
K,, w otOOO nM cathepsin B) 




Enzyme: Cathepsin L 

Activity K i>4pp = 18 nM (K^ = 16 nM cathespin K; 
Ki, w = >1000 nM, cathepsin B) 
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Library: 1.20 

Name: Tripeptkte Michael acceptor 
Size: ca. 500 members 
Affiliation: Agouron Pharm. [66,1531 





- a 

Enzyme: Human rhinovirus 3C protease 
Activity: K^Jl =• 260,000 M* V 1 



"Asterisk (*) indicates point of attachment to the resin. 
Table 2. Chemical Libraries Targeted for Nonproteolytic Enzymes" 



Kinases and phosphatases 



Library: 2.1 

Name: 1,4-Benzodlazeplne 

Size: 1680 members 

Affiliation: Ramdas, L; et at. [187] 




Library: 2.2 

Name: Substituted purine 
Size: Not defined 
Arfillatlon: Chang. Y. T.; et at. [44] 
Note: Multiple solution- and 
solid-phase libraries. 



R<-n"S^'N t 
r3 R 1 




Enzyme: Src protein tyrosine kinase 
Activity: IC50 » 35 uM 




HN' ^ NH 2 

h 

Enzyme: Cyclln-dependent kinase 2 (CDK2) 
Activity: IC,©- 33 nlvt (IC W » 28 nM, CDK1) 



Ubrary: 2.3 

Name: Octapeptide 

Size: ca. 1 1 0,000 members 

Affiliation: Watterson, D. M,; et ai [1501 

Note: Positional scanning. 

H-Arg.Lys-Lys-Aa 1 .Aa2-Aa 3 -Arg-ArgLv8'NH 2 ► H-Arg-Lys-Lys-TyrLys-Tyr-Arg-Arg-Lys-NH 2 



Enzyme: Smooth muscle myosin light chain 
kinase (chicken) 

Activity: IC50 » 50 nM (>40,000-fold selective 
versus calmodulin^ regulated protein kinase) 



Ubrary: 2.4a-c 

Name: Amino acid amide 

Size: 4320 total members 

Affiliation: Mitolix, Inc. [14] 

Note: Three libraries based on Ugl 

reaction with phosphate surrogates. 



U H ._, 



R 4 




fro 



Enzyme: Cdc25 phosphatase 
Activity: IC W « 0.7 uM 

(IC M - 62 |iM, tyrosine phosphatase PTPtB) 
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Transferases 

Library: 2-5 
, Name: Trrfluoronitrophenol 



Size: 1 2 members 
Affiliation: Hardcastle, I. R.; el ai [9] 



Library: 2.6 

Name: Methionine blaryt 
Size: 31 members 
Altilletlon: Abbott [8] 
Note: Solution-phase 
optimization library. 





SMe 




Enzyme: Farnesyltransf erase (rat) 

Activity: !C W - 6.3 nM 

(IC50 * 12.5 uM, geranylgeranyl protein 

transferase-!) 




SMe 



Enzyme: Fa'rnesyitransferase 
Activity: IC5q«=0.7 nM 
(> 10,000-fold selective vs. geranylgeranyl protein 
transferases; 21% orally bioavailaWe, dog) 



Ubrary: 2.7 

Name: Biphenyi methionine 
Size: Not defined 
Affiliation: Abbott [101] 



RHN. 




Library: 2.8a,b 

Name: Triazine 
Size: 643 members 
Affiliation: Abbott [89] 



NH 2 
N^N 
rVn^N^R 1 



Reductases and dehydratases 
Library: 2.9 

Name: Oihydrophenyl triazine 
Size: 64 members 
Affiliation: Chul, W.-K.; etai (139] 
Note: Three-component conden- 
sation using anilines, ketones, 
and cyanoguankJine. 

Library: 2.10 

Name: Polyamlne peptide conjugate 
Size: 576 members 
Affiliation: Bradley, M.; el at. [209] 
Note: Three identical libraries 
produced in solution on PEGA 
resin, and on Tentage! to compare 
success of solution- versus 
on-bead ap«»v*. 

Library: 2.11 

Name: B-Carboxamido phosphonata 
Size: 15 members 
Affiliation: Monsanto Co. [202] 
Note: Solution-phase synthesis using 
solid-phase capture reagents. 



Ubrary: 2.12 

Name: Amide 

Size: 768 members 

Affiliation: Du Pont Agrlcul. {113] 

Note: Solution-phase synthesis. 



HjN 



H-Aa,-Aa r NH ^| 
H-AarAaa-NH^^/v^N.p 

R - H or C{0)0^ Ph-CONH— 9 



0^ R 
HO 



NR 2 R 3 




Enzyme: Famesyllransferase (FTase) 
Activity: IC W « 8.0 nM 




Target: Erm methyltransterase 
Activity: IC M = 4 uM 



CI 

N0 2 



H 2 N^N^ 

Enzyme: Dihydrofolate reductase 
Activity: ICso » 6.0 nM; K, « 200 uM 

H-Trp-Arg-NH^*^ 

H-Trp-Arg-NH ^ 
Enzyme: Tripanothione reductase 
Activity: K,° 100 nM 



HO 

Enzymes: Imidazole glycerol phosphate dehydratase 

(Cryptococcus neoformans) 
Activity: K, = 80 nM 

CI 0 ^ 8 

Enzymes: Scytalone dehydratase 
Activity: Kj * 0.05 nM 



408 Journal of Combinatorial Chemistry, 2000, Vol. 2, No. 5 
Table 2. (Continued) 



Reviews 



Other enzymes 
Library: 2.13 

Name: 1,3-Dioxane-4,6-dione 

carboxamlde 

Size: ca. 113 members 

AHiliation: Qefb, M. H.; etal. [33] 

Note; Solution-phase synthesis. 



Library: 2.14 

Name: Oansyftyrosine 

Size: 34 members 

Affiliation: Tondi, 0.; et at, [225] 




-co 



R 



COOH 




Library: 2.15 

Name: Substituted thiophene 
Size: ca. 100 members 
Affiliation: Merck Frosst [93] 



XR 



D^Ar^S^S 



H0 2 C- 
X = NR,S 



S^ Ar 2 



Ubrary: 2.16 

Name: Thkxlepsipeptide 
Size: 38 members 
Affillattoa- Merck [84] 



O QH 3 



r2A «Yt r ' 



° O^OH 



Library: 2.17 

Name: 1 -Azalagomlne peptide 
Size: 125 members 

AHiliation: Bols, M.; et at. [148], [149] H 0 

HO' 
HO- 



Q 



Aa 3 -Aa r Aa t -NH 2 



Library: 2.18 

Name: B-Amlnothiol peptide 

Size: ca. 600 members 

Affiliation: Roques, B, P.; etal. [151] 



Ubrary: 2.19 

Name: Tetrahydro-p'-carboline 

Size: 48 members 

Affiliation: Jung, G.; etal. [250] 



R 3 O 



N-R J 




1 H 2 N 



OH O f^V CI 



& 

:nzyme: 
activity. > 

0 XJ Lso 2 {J 



Enzyme: Phospholipase A 2 (human group HA) 
Activity: X, (50) = 0.022 

^COOH 



S0 2 




Enzyme: Thyrnldytate synthase 
Activity: K, = 1.5 nM 




OMe 



Enzyme: Phosphodiesterase -4 (PDE-4) 
Activity: fCso- 8.0 nM 

0 \ 




Enzyme: IMP-1 metalio-0 -lactamase 
Activity: IC50 = 0.4 nM (ICso => 180 nM. 
CcrA metallo-p-lactamase) 

pH 



O O^ip.."0H 
0=C , ,jCONH 2 



Enzyme: 8-galaclosidase (yeast) OH 
Activity: K< - 20 pM 



SH 




"S0 2 NH 2 



Enzyme: Bacteriaf protein tetanus toxin (TeNt) 
Activity: K^S.OjiM 



h jf N> ir^ NHj 

H 2 N^ ° 

Enzyme: ONA gyrase 
Activity: IC W - 10 uM 



° Asterisk (*) indicates point of attachment to the resin. 
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Table 3. Chemical Libraries Targeted for G-Protcin Coupled Receptors 0 

Opioid receptors 



Library: 3.1a,b 

Name: A/-Dlan/imethylpiperazfne 
Size: ca. 125 members 
Affiliation: Organon Labs. 155) 
Note: Solid-phase synthesis 
using REM resin. 




Target: d opioid (human) 
Activity: IC50 • 3.0 nM 
(IC5o = >1 0.000 nM.u(rat)) 



Library: 3.2 

Name: Diarytmethylamine 
Size: 20 members 
Affiliation: Organon Labs. (1 1] 
Note: AlClg-medlated diethyl- 
aminoiysis of Wang esters. 
See library 3.3. 




Receptor, 8 opioid (human) 
Activity: ICgo «8nM 



Library: 3.3 

Name: W-Dia ryimethylpiperazine 
Size: 46 members 
Affiliation: Organon Labs. [11] 
Note: AICI 3 -mediated diethyl- 
aminoiysis of Wang esters. 
See library 3.2. 




Receptor & opioid (human) 
Activity: IC W «1.4 nM 
(IC5o = >10.000 nM.u(rat); 
ICso = 3900 nM, k (guinea pig)) 



Library; 3.4 

Name: Cyclic imide 
Size: 30 members 
Affiliation: Organon Labs. 112) 




Activity: \C X - 16 nM 



Library: 3.5 

Name: Pseudopentapeptide 
Size: 20,000,000 members 
Affiliation: Simonin, F.; flf a/. (13) 
Note: Positional scanning at Aa,. 




Receptor: Opioid receptor-like 1 (ORL-1, human) 

Activity: K, - 517 nM (K, » 1 14 nM, ic-opioid; 

K, = 1300 nM, ^-opioid; K, - 11000 nM. 8-oplold) 
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Serotonin receptors 
Library. 3.6 

Name: Arytoxy-2-propanolamine 
Size: Not defined (targe) 
Affiliation: Merck [229] 
Note: Solution-phase parallel 
synthesis. 



<X 



OH 




Receptor 5-HT, A (human receptors in HeLa 
cells) 

Activity: K) = 1.0 nM 



Library: 3.7 

Name: Bisaryl sulfonamide 

Size: >12 members 

Affiliation: SmithKline Beecham [30] 

Note: Solution-phase optimization 

library. 



f^NMe 
ArSO z HN N ^<^N^J 



OMe 



Me 



^OMe 



Receptor 5-HT 8 (human cloned receptors in HeLa cells) 
Activity: pKj = 9.2 (selective vs. 13 subtypes and other 
receptors); pf$> 8.5 (5-HT simulated adenyiyl cyclase; 
antagonist) 



Somatostatin receptors 



Library: 3.8 

Name: B-Tum mimetic 

Si2e: 172 members 

AffHIatton: Ellman, J. A.; et al. [213] 



Library: 3.9 

Name: Amino acid amides 
Size: 131,670 
Affiliation: Merck [158] 



° R 



,8 >o( 



NR 




Receptor Somatostatln-5 (sstr 5; human) 
Activity: K,= 170 nM, agonist (>23x selective vs. 
sstr 2; >1000x selective vs. sstr 1,3,4) 



Other receptors 

Library: 3.10 

Name: p-Turn mimetic 

Size: 951 members 

Affiliation: Ellman, J. A.; eial. [96] 

Note: 951 compounds selected from 

a library of 5544 compounds. 



O R 2 



^— R 3 



Qj 0 r-r 




Receptor: Somatostatln-S ( hsstr 5 , human) 
Activity: IC50* 87 nM (ca. 5-fold selective vs. hsstr t ; 
> 10-fold selective vs. hsstr 2 -4) 




Receptor Somatostatin-2 (sstr 2; human) 
Activity K| = 0.04 nM. agonist (>1000x selective 
vs. sstr 1 ,3-5) 



Receptor: Somatostatin- 1 (sstr I; human) 

Activity: Kj - 64 nM agonist (>23x selective vs. sstr 2-5) 




Target: MeJanocortJn-1 

Activity: EC50 » 42.5 uM (agonist) 



Reviews 

Table 3. (Continued) 
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Library: 3.11 

Name: Tripeptoid 
Size: 328,509 members 
Affiliation: Eberle, A. N.; etal. [99] 




Receptor: GRP/bombesin 
Activity: Kq - 3.40 fiM 




NH 2 

Receptor Melartocortin-1 (human) 
Activity: K 0 « 1.58 uM 



Library: 3.12 

Name: Dipeptide 

Size: 96 members 

Affiliation: Novo Nordisk J5) 

Note: Optimization library based on 

ipamioreDn. 




Receptor Growth hormone segretagogue 
(rat pituitary cell assay) 
Activity. EC M » 1 nM (agonist) 



Library: 3.13 
Name: Chalcone 
Size: ca. 40 members 
Affiliation: Natu, A. A,; etal. [63] 
Note: Solution-phase synthesis 
of two sets of nine combinatorial 
mixtures. 




Receptor. Leukotriene B 4 (human whole blood) 
Activity: JCso - 18.5 uM (inhibition of LTB 4 formation) 



Library: 3.14 

Name: Benzimidazole diamine 
Size: 84 members 
Affiliation: Lilly [205] 
Note: Optimization library based 
on LY344090. Most active 
compound derived from 
unexpected Pictet-Spengler 
cyclization. 




Receptor: Neuropeptide Y-1 (NPY-1; human) 
Activity: Kj « 13 nM (antagonist) 



Ubirary: 3.15 

Name: Dichlo rophenyl-3-propylpiperidi ne 
Size: 49 members 

Affiliation: SmithKline Beecham [188J 
Note: Solution-phase synthesis. Focused 
library based on Sanofi lead structure. 




Receptor: Neurokinin-3 (human) 
Activity = 35 nM (antagonist) 



0 Asterisk (*) indicates point of attachment to the resin. 
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Table 4. Chemical Libraries Targeted for Non-G-Protein Coupled Receptors (non-GPCRs)° 

Integrins 

Library: 4.1 

Name: Azapeptoid 
Size: 6 members 
Affiliation: Kessler, H.; ef a/. [77] 



H 

T 
NH 



spacer 



NH 2 
v C0 2 H 




H H j? 

° ^COaH 
Target: oA integrin 

Activity: ICso«6.8nM (ICso>100 jiM, altbp3) 



Library: 4.2 

Name: Pentapetlde 
Size: Large 

Affiliation: Selectide Corp. [223] 
Note: I- and o-amino acids was 
in split-pool synthesis. On-bead 
screening. 



H-Aa 5 -Aa4-Aa 3 -Aa r Aa r Lys-Tyr— 9 



NH pf^yM-NH, 
Target: Giufiz 

Activity: \C X - 2.7 \M <IC M >100 \iM. ocvp3) 



NH 2 



Target: 0^3 integrin 
Activity. IC50 = 14>iM 



\ 

NH 2 




Library: 4.3 

Name: Isoxazolinyl guanidine 

Size: Not defined 

Affiliation: OuPonl Pharm. [1901 



HN 



N — O O 



x 



v C0 2 H 



HaNyS 
NH 



Target: cvfa integrin 
Activity. IC M a 23 nM 



0 Y 
o 



Library: 4.4 

Name: isoxazolinyt guanidine 
Size: Not defined 
Affiliation: DuPont Pharm. [190] 
Note: Optimization library based 
on lead identified In library 4.3. 



H 2 Nw ^s^^/v^x^y^ N^Y^' 
NH O-N 9 NHSC 



OH 
NHS0 2 R 



o u 

H 2 N^H v ^v N ^^Y^N*^r^OH 



O-N 



Target: otyfo integrin 

Activity: ICgo* 0.7 nM antagonist 




Library: 4.5 

Name: 5-Substituted pyridine 
Size: 15 members 

Affiliation: R. W. Johnson Pharm. [104J 
Note: Optimization library. 



,C0 2 H 




is^Nh 




Target: GPIIb/ll la Integrin 
Activity ICso" 1.5 nM (antagonist) 



Reviews 

Table 4, (Continued) 
Ion channels and transporters 



Library: 4.6 

Name: A/^-DJalkydpeptldyJamlne 
Size: 30 members 
Affiliation: Parke-Davis [1961 
Note: Solution-phase synthesis. 
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Target: N-Type voltage sensitive calcium channel 

(in IMR-32 cells) 
Activity: ICr, - 40 nM 



Library: 4.7 

Name; Substituted phenyl stilbene 

Size: ca. 400 members 

Affiliation: Chambertin, A. R; et at. [145] 

Note: Kennefs safety-catch 

linker used. 




RgHN 



8~ R 




Target: KV1.3 potassium channel 

Activity: 10^= 2.9 uW ( ,25 l-ChTx binding assay) 



Ubrary: 4.8 

Name: D-Hexapeptlde 
Size: ca. 400 members 
Affiliation: Rothman, R. 6.; etal. [192] 
Note: former's safety-catch 

linker used. Ac^-Aae-^Aas^-Aa^o-Aas-o-^-c-Aa,-^ 



NH NH 
HN^NH 2 HN^NH 2 



AcHN-V N V^N^Y r 

o " o 



HN^NH 2 

T 




Target: Dopamine transporter 
Activity. ICso-LBuM 



Other non-GPCR 
Ubrary: 4.9 

Name: Amldinonapnthyl ether 
Size: ca. 145 members 
Affiliation: Bradley, M.; etal. [194] 



r 

NH. 



NH Z 



NH 




Target: Tissue factor/lactor Vila complex (human) 
Activity: ICso«4.1 uM 



Library: 4.10 

Name: Phosphopeptlde 

Size; 900 members 

Affiliation: Lawrence, D. S.; etat. [143] 

Note: Disulfide link to resin. Cleavage with 

dKhtothreitoI in Tris buffer to give peptide 

conjugates in assay-ready solution. 



PO3 



RCO-HN-Tyr-Glu-Glu-llB-HNvCHjJaSH 




POa 2 ' 

.CO-HN-Tyr-Glu-Glu-lle-HN(CH2) 2 SH 



Target: Src SH2 domain of Lck 
Activity: K D * 35 nM (K 0 - 150 nM, Fvn) 



414 Journal of Combinatorial Chemistry, 2000, Vol. 2, Mo. 5 
Table 4. (Continued) 



Reviews 



Library. 4.11 

Name: Dlpeptide aldehyde 
Size: 100 members 
Affiliation: Scios Inc. [102] 



Library: 4.12 

Name: r>Hexapeptides 
Size: 47,000,000 members 
Affiliation: Centocor, Inc. [127] 
Note: Positional scanning protocol 
using D-amino acids exclusively. 



Ac-D-Aa fl -o-Aa3-t>Aa4-o-Aa3-o-Aa 2 -o-Aa r NH2 



OMe 




MeO' 



Target: (J-Amytold production 
Activity: IC w *9.6uM 




Target: TNFct 

Activity: ICso ° 0.33 uM (antagonist effect due to 
binding of hexapeptide to TNF-a not its receptor) 



° Asterisk (*) indicates point of attachment to the resin. 



Table 5. Chemical Libraries Displaying Cytotoxic and Anttinfective Activity 0 



Cytotoxic agents 

Library; 5.1 

Name: Polyene 

Size: 42 members 

Affiliation: Amdris, M. B.; et al [4] 

Note: Solution-phase indexed 

combinatorial library based on 

MDR reversing polyene (-)-stipiamide. 




Library: 5.2 

Name: Pentamine 

Size: ca. 7,311.616 members 

Affiliation: Appel, J. R.; et al. [71. 



R a R 7 R 4 R 3 



A^NH 




Target: McF7 - adriamycin resistanl ceils expressing 
P-glycoprotein (multidrug resistant pump) 
Activity: ICso « 1 .45 uM 




Target: 60 different cell lines 

Activity: MGIC50 « 2.02 \jM (mean growth inhibition) 



Library: 5.3 R . 

Name:A/-Acy1atedtriamine _ H 7 I u f 

O R' 



Size: 454,272 members R N r ^ N v r ^ N -^^ f> ' n » ? 

Affiliation: Appel, J. R.; et al. /7] A l 2 j n H 2 N"^)|^ 



NH 

y N ~ 

o 



Target: 60 different cell lines 
Activity: MGIC M = 0.69 nM 
(mean growth inhibition) 
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Table 5. (Continued) 

Library: 5.4 




Target: T-47D (human breast cancer cell) 
Activity: 95% antiproliferative activity at 0.1 \iM 



Ubrary: 5.5 

Name: Indole lactams 

Size: 31 members 

Affiliation: Waldmann, H.; etai. [156] 
Note: Library based on known PKC 
activator, (-)-lndolactam V. 




"OH 



No single compound identified 

Target: PKC activation In Swiss 3T3 cells 
Activity: 3-5 fold increase in MARKS translocation 
at 200 nM; less efficient than (-)-lndolactam V. 



Antiinfecttve agents 
Ubrary: 5.6 

Name: Substituted purine 
Size: 2725 members 
Affiliation: Isis Pharm. [71] 
Note: Solution-phase simultaneous 
addition ol functionalities. 




Target: S. pyrogenes, E. coli imp- 

Activity: "potent broad-based antibacterial profile* 



Ubrary: 5.7 
Name: Quinoione 
Size: 5 members 

Affiliation: Chauhan, P. M. S.; el al [215] 




Activity: ECtoo*100nM 



Ubrary: 5.8 
Name: Disaccharide 
Size: 1300 members 
Affiliation: Intercardla Inc. [212] 
Note: IROP.I fytags. 




X a R 2 HN(0)CHN- Target: S. aureus 

Activity: MIC * 6.25 ng/mL 



Ubrary: 5.9 

Name: PeptoW 

Size: 845 members 

Affiliation: Chiron Corp. [81,165] 

Note: Optimization library. 




Target: E. faecium 

Activity: MIC = 5 ug/mL; broad spectrum 
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Library: 5.10 

Name: Butenolide 
Size: 288 members 

Actuation: lattmann, E.; et at. [134, 135] 
Note: Solution-phase synthesis from 
commercially available halogenated 
mucochbrlc acids. 




Target: $. aureus (MRSA 96-7778) 
Activity: MIC = 8-16 uo/ml 



Library: 5.11 SR 
Name: Substituted purine 



Size: Not defined V-SR > Target: Bacteria 

Affiliation: Isls Pharm. [119] M ^ N Activity. Not defined 

Note: Sol utton-phase simultaneous RS N 
addition of functionalities. 



Library: 5.12 

Name: Substituted pyrimidlne 
Size: Not defined 
Affiliation: Isis Pharm. [119] 
Note: Solution-phase simultaneous 
addition of functionality. 



NH-NHR 



RHN-N 



Me 



N N-NHR 
H 



Target: Bacteria . 
Activity: Not defined 



Library: 5.13 

Name: Substituted pyrimkJine 
Size: Not defined 
Affiliation: Isis Pharm. [119] 
Note: Solution-phase simultaneous 
addition of functionality. 



Library: 5.14 

Name: Bicyctic guanldine 
Size: ca. 100,000 members 
Affiliation: Blondelle, S.E.; et al. [19J 
Note: Positional scanning protocol. 



SR 

6 



li N 



Target: Bacteria 
Activity: Not defined 




Target: C. albicans 
Activity: MIC = 3-4 ug/mL 



Library: 5.15 
Name: Kramertxln analog 
Size: ca. 120 members 
Affiliation: Feclk, R. A. et al. [68] 



HO 



r^V^ 




Target: C. aibhans 
Activity: MIC* 1.25ug/mL 



Library: 5.16 

Name: prostanoid 
Size: ca. 64 members 
Affiliation; Janda, K. 0.; etaJ. [141 J 
Note: Library created on 
soluble support. 



Library: 5.17 

Name: Cyclopentene-U-dicarboxylic 

acid derivative 

Size: 600 virtual members 

Affiliation: de Julian-Ortiz, J. V.; et al. {60] 

Note: Compounds identified through 

process of virtual library synthesis 

and computational screening. 



HCf ^*R' 



HO^O 
l P 



X-0. NH 




Target: Cytomegalovirus (CMV) 

Activity 98% reduction In viral titer (control titer: 

6.8 x 10 3 PFU/mL (plague forming units)) 




Target: HSV-1 (plaque Inhibition assay) 
Activity: IC5o°<>.9 ^ M 



0 Asterisk (*) indicates point of attachment to the resin. 
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Table 6. Scaffold Derivatization: (a) Solid Phase, (b) Solution Phase" 



(a) Solid phase 

Ts 



.Glaxo Wellcome [36] 
. 5 ex: 24-95% 
• addition ot TsBrto resln- 
bound aikyne and alkenes; 
X NR, 0 



AcHN COgH 



. Ylm, A.-M. |242] 

• 3 ex; 49-60% 

• radical addition ot 
organomercury chlorides 
to dehydroalanine 



H • R 

. RPfl [197] 
• 22 ex; 0-54% 
» reductive cleavage of 
resln-bound Welnreb 
type amides 



HOaC^NHOBn 
R 

• KobePharm. (158] 

• 7 ex; 24-83% 

• triethyiborane-mediated 
radical addition of alkvts 
to gtyoxyllc oxlme ethers 



• Waldermann, H. (217] 
. 7 ex; 50-95% 

• traceless linker based 
on acyl hydrazines 




H NBoc 



• Zeneca [100] 

• 13 ex; 0-72% 

• nucteopWIIc displacement 
of resln-bound qulnazolines 
with oxindols 



,N0 2 
MeQ /=< 



NHR 



• Sun, C-M. [175] 

• 8 ex; 99% 

• amine displacement of 
soluble- potymer supported 
4-lluorc~3-nitrobenzoic acid 



NRW 



OCH 3 



• Sun.C.-M. (218] 

• 10 ex; 75-92% 

• amlnofysls of bls-Boc 
guanines then acyiatlon; 
liquid phase synthesis 



R-Aa 3 -Aa 2 



r 

OH NH 2 

• Corvaa [206] 

• 20 ex; 17-83% 

• from resin- bound 
argininal equivalent 



NH 



MeO 



3 H f 
R% tf N V OH 
O R ' 

• PeUilo. P. A. [51] 

• 7 ex; high purtty 

• MeSiCI 3 -mediated 
conversion of Fmoc-amino 
acid to Isocyanate, then 
addition of amines 



n x — ' 



• Schotten,T. [17] 

• 19 ex; 33-60% 

• liquid-phase Suzuki coupling 



• Kondo, Y. [126] 

• ca. 5 ex; 

• Immobilized organometailic 
reagents; R b electrophlle, Ph 



NR 3 (R 4 ) 



• Sun, C.-M. [203] 

• 15 sx; 80-95% 

• from resln-bound 4-chloro- 
methylbenzoic acid; liquid- 
phase synthesis; X ■ CH, N; 
n t=0, 1; m = 1, 2 




• Glaxo Wellcome [147] 

• size not defined 

• 'NH alkytation of 3-amino- 
5-carbomethoxy-lH- 
pyridln-2-one to resin-bound 
halo acids, then N-acyiation 
and amination 



R^R 1 

• Brase, S. [26] 

• ca. 9 ex; good yield 

• triazene linker 



Me0 2 C- 



Ar AA X ...AA 3 -AA 2 



jTY 

T ^o 2 



[diamine^ 



NBoc 



NHBoc 



• Sun, C.-M. [103] 

• 3 ex; ca. 84% 

• Irom soluble polymer- 
bound 4-fluoro-3-nitro 
benzoic acid 



MeO * s 

• Schotten.T. [17] 
. 6 ex; 54-93% 

- liquid-phase Suzuki coupling 




• Woskl, A. [41] 

• displacement of CI in resln- 
bound chloromethyllhiazole 



• Finn, M. Q. [29] 

• 7 ex; 0-95% 

• Stlile coupling with 
resln-bound aryt stannanes 



• Boehrtnger Ingel. (183] 

• 100 members 

• derivatization of Boc- 
protectod trifluoromethyf 
ketones attached to 
resin via semlcarba- 
zone linkage 



Ar-NH 2 

■ Morishima, H. [220] 

• 9 ex; 90->95% 

• Curtius rearrangement and 
trapping intermediate isocyanate 
with Wang resin, then hydrolysis 




• Du Pont [54] 
. 4 ex; 55-64% 

• C-N cross-coupling 
X » CH, N 



HO' 



. Jung, G. [189] 

• 5 ex; >65% 

• from Baylis-Hiflman 
intermediate; 

X = OAr, NR 2 R 3 





• Pharmacopeia [39] 
« I0ex;ca. 70% 

• addition of allylindium or 
allytboronate to resin- 
bound aldehyde 



• ScheringAG [111] 
.7 ex; 28-59% 

• Suzuki coupling of resln- 
bound 4-bromobenzo- 
phenone dlthloketal 



• Polrier, D. [226] 

• 2 ex; 20-30% 

• from resin-bound 16- 
B-(azidopropyi) estradiol; 
X-H. COR 



ROH 

• Hanessian, S. [94] 

• 3 ex; 94-98% 

• from 2-pyridytthio- 
carbonate resin, ROH, 
AqOTf, then TFA. 
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R 3 0 



OR z 



OR' 



• Kunz.H. (1151 

• 14 ex; 6-69% 

• from resin-bound 
orthogonal protected 
galactose 



x 



• Abell.C. [224] 

• 10 ex; 58-96% 

• esters and amides 
from novel safety-catch 
linker involving formation 
of N-aryllndoles on resin; 
X = OR,NRR 



2 R N-N R 2 

• Hilbert, M. [177] 

• 8 ex; 50-100% 

• t uncttonallzatlon of 
S.e-dichloropyiidazines 



o 



(MeO) 2 B- 



• Carbon), B. [38] 

• 6 ex; 54-67% 

• functionaiization of resin - 
bound boronic acids, then 
transesterification 



HO-Ar 

• Carboni, B. (38] 

• 3 ex; 63-74% • 

• oxidative cleavage of 
resin-bound aryl boronic 
acids 



N COOH 



9 



• Chandrasekhar, S. [42] 
t 6 ex; 58-72% 

• reaction of resin-bound 
amino acids with anhydrides 



i ' 



w 

. Waldmann, H. (156] 

• 31 ex; 10-65 ex 

• derivatives of (-)- 
Indolactam V; THP linker 



ff /=\ 



• PE Blosystems (45] 

• 5 members 

• C-C bond formation via 
Mitsunobu reaction of 
resin-bound alcohols and 
active methylene compounds 



• Taddei,M. (152] 

• 15 ex; 50-87% 

• activation ol carboxylic 
acid via resin- bound 
2,4-dichtorotriazine 



R^ r N^JL^ R2 

• Hitmen, J. A. (138] 

• 8 ex; 40-100% 

• acythydrazone linkage 
strategy; Z * CO, S0 2 , 
Aa; Y = O, S, NH, NR 



NH-CO-X-R 



OMe 



. Langtote, M. [58] 

• 11 ex; 53-90% 

• use of tracetess 
silicone linker, B0C 
deprotoctton with 
p-cetecholborane 



Me6 2 C 



• Janda, K. D. (204) 

• 15 ex; 69-99% 
•Stille coupling on 
soluble polymer 



hq . j Anhr 1 



HCf" V ^ «R 2 HO* 

6h 



• AbeJf, C, W. (182J 

• 12 ex; 62-92% 

• derived from o-(-)-quinic 
acid; n « 0, 1 




• Ellman, J. A. (65] 

• 13 ex; 18-47% 

• Side chains introduced 
via Suzuki and Michael 
reactions 



HO 



- — ~^WL R 

O 



OH 

• Ellman, J. A. [65] 
. 13 ex; 18-47% 

• Side chains Introduced 
via Suzuki and Michael 
reactions 



NR 3 R 4 

A 

r'rV^^nHz 

• Bradley, M. [85] 

• ca,17ex: 11-52% 

• attachment of 4,6-dichloro- 
2-thiomethylpyrimidineto 
Rink resin and sequential 
amination 



HO. 




CON H Me 



,NH 0 



• Zeneca [10] 

• ca. 30 ex; 43-100% 

• attachment of dlpoptlde 
acid (R - Fmoc) to sasrin- 
ONH 2 . deprotection and 
N-derivatization; R - RCO, 
RC0 2 . RCH 2 



RHN 



RHN 




NHR 



NHR 



• Boger, D. L [20] 

• ca. 15 ex; 75-95% 

• Coupling using 10% 
PaVC. Et 3 N, DMF,100*C. 
16h 



( X^N, H NHR 



• Bk)chem. Pharm.(234] 

• 576 members 

• Pre- activation of symmetric 
dicarboxylic acids with BOP, 
then additon to resin-bound 
amino acid 



f j — COOH 0 ^ 

.dertodtfornlminodiacaic library Horary ""my Horary 

acid: use of soluble polymer 



Reviews 
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(b) Solution phase 




• Eliseev, A. V. [1611 

• 220 members 

• pair-wise condensation ot 
AiCHO with 2,4-diamlnoxyaryl 




• R. W. Johnson (35] 

• 300 members 

• aminolysis of dlhydro- 
coumarlns 




• R. W. Johnson 135] 

• Sex; 51-84% 

• e/nlnolysls of dihydrocoumarin, 
then borane reduction 



• Cadus [154] 

• 3000 member (fbrary 

• Ihiophene template derived 
from three-componeni 
condensation; R 3 » Me or 
CH 2 OMe 



SCH 3 



• Vulfson, E. N. [1201 

• 1 1 ex; high purity 

• from carboxyllc acids, 
methyl chlorothiolformate 
and catalytic DMAP 



Ar-OTf (ONf) 

• Zhu, J. [23] 

• 20 ex; 65-100% 

• Perfluoroalkanesulfonyl 
transfer with polymer 
supported base 



HOH2Cr N v V 



NHR 



..J \ 



HO 



• Fleet, G. W. J. [142] 

• 3 ex; ca. 35-50% 

• derived from amino lactone 



NH 2 



OH 



• Berrisford, 0. J. [167] 

• 15 ex; 26-60% 

• from neamfne 



a Asterisk (*) indicates point of attachment to the resin. 



Table 7. Acyclic Synthesis: (a) Solid Phase, (b) Solution Phase" 
(a) Solid phase 



Y 

o 



• O'Donnell, M. J. [166,169] 

• 14 ex; 51-99% 

• reaction of resln-bound 
Schiff base with organo 
boranes 



CyR 



• Kobayashl, S, [6] 
'•16 ex; 41-93% 
j • reductive alkytatfon of 
BOBA resin then 



acyiatJcn 



HO-^^R 



• Qanesan, A. [249] 

• 5 ex; 32-94% 

• Intermolecular alkyl 
radical con/ugate 
addition o* resin-bound 
acrytate 



^CONH 2 

• Hoffmann-La Roche |236] 

• 2 ex; 64-87% 

• Pd-catalyzed three- 
component coupling 



HN._ 
n 

• PAGPharm, [236] 

• 8 ex; 38-74% 

• use of a novel traceless 
linker acyt Isolhiocyanate 
resin 



• Monsanto [91] 

• 96 members 

• from resin-bound 
malonlc acid 



aCONH 2 



• Hoffmann-La Roche [236] 

• 13 ex; 70-95% 

• Pd-cataryzed three- 
component coupling 



• Nielsen, J. [105] 

• 18 members 

• microwave assisted 
Ugl four-component 
condensation 



^R 2 
i 

• RPR [196| 

• 48 ex; 62->95% 

• Homor-Emmons oiellnatlon 
with resin-bound phosphonate 



• Ganesan.A. [131| 

• 26 ex; 0-49% 

• sequential Bayfis- 
Hlllman and Heck 
reactions of resin-bound 
acrylic acids, then 
decarboxylation 



6* 



O R 2 
PEG-0' Jls ^R , 

• Blettner, C. G. [18] 

• 14 ex; 88-98% 

• UquH-phase Homer- 
Emmons deflation with 
polymer-bound ketophos- 
phonale and RCHO, then 
Heck reaction with R 2 -l 



•A 

HjN R 



• Hiemstra, H. [155] 

• ca. 40 members 

• three-component con- 
densation of resin-bound 
carbamate, RCHO and 
allylsHanes 



X. 



T " 



• Katrilzky.A. R. [117] 

• 5 ex; good yields 

• from polymer-bound 1H- 
benzotriazole 



• DuPont [92] 
.10 ex; 45-100% 

• phoxime resin 



oh n< 



n R 1 



Y 

O 

• ComblChem 1248} 

• 92 members 
. THP linker 



420 Journal of Combinatorial Chemistry, 2000, Vol. 2, No. 5 
Table 7. (Continued) 



Reviews 




NPtu 



• Goodman, M. [57] 

• 1 ex; 45% 

[4+2] cyclocondensation of 
resin-bound imine with 
Danishefsky diene, then 
intracyciaf ive dsavsgG 



• Heinonen, P. [98] 

• 96 member library 

• coupling of a,a-dlsubstituted 
fl-alanine units to resin- 
bound tetrahydroisoquinoline 



NR 3 R 4 

o " 



• Merck [43] 

• 48 ex; 11-77% 

• synthesis carried out 
on multivalent soluble 
support 




• Tripos [56] 

• >150 members 

• R,tag$ 



• Tripos [56] 

• >10O members 

• fl r tags 



(b) Solution phase 



-<y ° 

• Ley, S. V. [37] 

• 27 ex; ca. 50% 

• polymer- supported reagents 
and scavenger resins 



R 4 

R 3 O 

• Argonaut [107] 

• 5 ex; 0-60% 

• ester enolate Claisen 
rearrangement using 
polymer-supported 6ltyl 



RHNOC— *\ 



RHNOC' 



CONHR 



'CONHR 



RHNOC— \ 

r 

RHNOC- 7 



^CONHR 
CONHR 



• Boger, D.L[21] 

• 64,880 members 

• from N-Boc Iminodiacetic 
acid anhydride 

R 1 



Jf 

• Schowatter, H. D. H. [199] 
. 12 ex; 20-77% 

• amines from Mannich 
adducts of polymer- 
supported be nzotri azole 



R R* 



'""Si V 



.EWG 



• Chiron [121] 

• 10 ex; 61-85% 

• ring opening of 3,3- 
dl-OMe-N-sulfonyl and 
carbamoyl azetidin-2- 
ones, then ketal hydrolysis 



• Boger, D. L [21] 

• 64,980 members 

• from N-Boc Iminodiacetic 
acid anhydride 

R 2 

R^X 

• Glaxo Wellcome [173] 

• ca. 21 ex; 20-50% 

• resin-bound from 
benzotriazoles, aldehydes, 
and amines and alcohols; 
X-OR 3 ; NRW 



' Asterisk (*) indicates point of attachment to the resin. 



Table 8. Monocyclic Synthesis: (a) Solid Phase, (b) Solution Phase" 




• Ibis [132] 

• 4 ex; 61-90% 

■ ring formation via 
intramolecular Mitsunobu 
reaction of resin-bound 
phenytalaninol 



jet* 

• Toru, T. (237] 

• 12 ex; 47-93% 

• BujSnH-mediated 
intramolecular cyclrzation 
of resin- bound fi-bromo- 
ethylacetals, then Jones 
oxidation 




• Merck [146] 

• 7 ex; 75-99% 

• base-catatyzed conden- 
sation-cyclization of 
resin-bound eaters end 
amidoximes 




• Alfymax [222] 

• 7 ex; ca. 30% 

• Knoevenagel-Hantzsch 
reaction sequence 



-X 




OMe 



Y^i r Y r1r2n 



RWn. 

HO-( NH 



• Kurth, M. J. [176] 

• 18 ex; 20-39% 

• dipolar cyctoaddition on 
resin; Intracyclative 
cleavage; X = O, S 



C0 2 H 



• R.W.Johnson [40] 

• 5 ex; 60-72% 

• Dieckmann 
condensation 



• Hoffman-La Roche [191] 

• 4 ex; 53-78% 

• aminolysis of resln- 
bound epoxide; plus 
regioisomer 




R 3 




• Attymax [222] 

• 4 ex; ca. 30% 

• Knoevenagel-Hantzsch 
reaction sequence 



• Houghten, R. A; [164] 
. 4 libraries of 118.400 
members each 

• CXIm 2 -mediated ring 
lormallon from resin-bound 
polyamine; X = O, S 



M 
*R R 2 

• Monsanto [157] 

• 1 1 ex; 43-80% 

• from resin-bound 
malonic acid and amino 
acid alcohols 



Reviews 
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RV 1 ° 

R 2 "V = 

• Affymax [160] 
. 7 ex; 17-65% 

• intramolecular cyclization 

of cysteine SH and 2-bromoamide 
cartoxylic acids, then post 
cleavage amidation 




.9 

HHP? 



• Knochel,P. |193] 

• 20 ex; 55-95% 

• formation of resin-bound 
Grignard, addition of ArCHO, 
Ihen intracyclative cleavage 



• Organon [121 

• 2 ex; 24-57% 

• Intracyclative cleavage 
of resln-bound 1,2- 
dlcarboxytic adds 



R 1 



N~NH 
2 R R 3 




• Argonaut [106] 

• 6 ex; 48-96% 

• SOOrmediated 
cyclatlve cleavage of 
resin-bound suHonyt- 
hydrazones 



C 

X 

. Eli Lilly [144} 

• 12 ex; 55-86% 

• reaction of 2-fluoro- 
benzonitriles with oxime resin 
cleavage followed by 
intracyclative cleavage 



• Kobayashl, S. [125] 

• 16 ex; 38-88% 

• Sc<OTf)3-medi atod 
Mannfch type reaction of resin- 
bound acylhydrazones and 
ketone sltyl acetals. then NaOMe- 
mediated cyclatlve cleavage 

ft 
V 

• Merrer, Y. L. [761 

• 7 ex; 53-90% 
t alkylation of Rink resin 
with L-iditol bte-epoxide 
then OH-dertvatlzatlon; 
R = H, COR, CONHR, 
COCH 2 NHFmoc 



• Wyeth-Ayerst [50] 

• 10 ex; 19-62% 

• from resin-bound 
hydroxyacetophenones 



. Wang, G. [246] 

• 8 ex; 52-96% 

• Yb (OTf), -catalyzed 
aza Dials- Alder reaction 
with resin- bound imines; 
cleavage using ACE 
chloride; X - H, CO ? Et, 



R 2 n4- R4 

• Tularik [72] 

• Sex; 66-97% 

• reaction of resln-bound 
S- methyl isothio ureas 
with Fmoc-amino acids 



• Trega [97] 

• size & yields not given 

• conversion ot resln-bound 
nltrHes to amide oximes and 
cyclization to oxadiazotes 
using N-protected amino acid 
anhydrides; X - CO. SQ 2 



• Tularik [721 

• 5 ex; 46-91% 

• reaction of res in- bound 
S-methyf lsothk>urea3 
with oxazotones 



aNHCOR 3 
T O 
R 1 R 2 

• Amgen [183] 

• ce. 15 ex; 15-60% 

• ring closing metathesis 



/ — \ 
HN N-\ 
•W R 2 
R 1 

• Houghten, R. A. [162] 

• 12 ex; >80% 

• reduction ol 1 ,2-diketo- 
piperazines derived from 
reduced N-acylated amino acids 

o 



• Perrotta,E. [116) 

• ca> 5 ex; high yield 

• amlno-zinc-enolate 
cyclization then 
dertvatlzatlon 



N-N 

• Novartis [26] 

• 16 ex; 75-98% 

• dehydration of 1,2- 
dlacylhydrazines 

using polymer-supported 
Burgess reagent 



N 

• Monsanto [90] 

• 7 ex; 0-21% 

• Knoevenaget condensation 
of resin-bound malonlc ester, 
condensation with amldlnes 
then decarboxylation 



• Chiron [207] 

• 12 ex; 78-89% 

• Staudinger reaction using 
resin-bound arylimines 



R 1 

"-4 



• Kalrltzky.A.R.[H8] 

• 13 ex: >95% 

• reaction of resin-bound 
acyihydrazlne with 
amldlnes, then optionally 
N-alkytation 

0 v P 

M 

HN N — v 
•W R 2 
R 1 

• Houghten, R. A. [162] 

• 12 ex; >80% 

• from resln-bound reduced 
N-acylated amino acids 



R Y°o 

R 4 

• RPR [109] 

• 6 ex; 31-100% 

• Ugf three-component 
condensation with ethyt- 
glyoxatate 



o R 

. Petillo. P. A. [58] 

• 7 ex; good purity 

• direct cyclization of 
Fmoc-dipeptldes via 
treatment with El 3 Nfl"MSCI 
and heating 



H^y-R 

R 1 

• Hiemstra, H. [231] 

• 6 ex; 36-98% 

• N-acyliminium Ion 
cyclization 



*R 1 N R 2 

• Monsanto [90] 

• 10 ex; 49-99% 

• Knoevenagel condensation 
of resln-bound malonlc ester, 
condensation with amldines 
then oxidation with CAN 



• Bfechert.S. [161] 

• 4 ex; > 70% 

• ring formation via olefin 
metathesis 



H0 2 C 



O V 



NHOBn 



• Kobe Pharm. |159] 

• 3 ex; 64-77% 

• Et 3 8- mediated 
Intramolecular radical 
cyclization of oxlme ethers 



riXX^vr' 

O-N 

• NovoNordlsk [198] 
•16 ex; 24-40% 

• cyclization of resin-bound 
acyfated N-hydroxyamidines 



O HN. 



• RPR [1091 

• 3 ex; 70-100% 

• Ugi three-compon enl 
condensation with ethyl- 
glyoxalate 




• Chiron f78] 

• 4 ex; 54-97% 

• Hantzch thlazole synthesis; 
on-resin conversion of ArCN 
to thioamides 
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, p R 1 



• Brown, R. C. D. [32; 

• ca.7ex; 16-95% 

• Imlno-Sakural and 
Pd-catalyzed intra- 
cyclatlve cleavage 



• Jung.G. (83] 

• 13 ex; 41-61% 

• from alkytidene-and 
arytldene-p-oxo esters 



• Jung,G. [83) 

• 9 ex; 72-85% 

• condensation of resin- 
bound enones and 

1 •(methoxycarbonytmethyl) 
pyrldlnlum bromide 



^^COOH 



• Jung, G. (83) 

• 6 ex; 71-75% 

• condensation of resin- 
bound enones with 

1 -(methoxycarbonylmethyl) 
pyrldinium bromide 



• Blechert.S. (2O0J 

• 5 ex; 26-55% 

• yne-ene cross metathesis and 
Dials- Alder cycloaddition then 
Intracyclative cleavage 



O R ! 

X 



COOH 



• Kurth, M.J. [49] 

• 8 ex; 30-38% 

• derived from res In-bound 
ally! suifones 



• Toru.T. [237] 

• 8 ex; 47-93% 

• radical cyclization of 
resin-bound 8-brcmo- 
ethytacetals 



• Taddei, M. [70) 

• ca. 10 ex; good yields 

« Gabriel-Cromwell synthesis 
from resin-bound amino acid 



• Taddei, M. [70] 

• ca. 20 ex; good yields 

• Gabriel-Cromwell synthesis 

from resin-bound a-bromoacrylamide 



CONHa 



F 3 C 





• Chiron [79] 

• 9 ex; ca. 50% 

• from res In-bound 
isonicotinic acid 



(b) Solution phase 



J3 



• Chiron [78] 

• 8 ex; 58-95% 

• Hantzch thlazole synthesis; 
on-resin conversion of A/CN 
to thioamldes 



Ar-\/ 




R* O 



• Ganesan, A. [130] 

• 10 ex; 25-50% 

• reaction of porymer- 
supported TosMIC with 
ArCHO 



• Ganesan, A. (130) 
. 13 ex; 54-85% 

• conddnsathn of TosMIC 
and ArCHO catalyzed by 
ion exchange resin 



,-SKB [31] 

• 060 members 

• from 5 unique pyrazo- 
linone carboxytic acids 



• RepliGen [245] 

• 13 ex; 85-100% 

• Ugi three-component 
condensation 



• RPR [110] 

• to.members 

• Ugi four-component con- 
densation with Boc-amino 
acid aldehydes, then 
TFA-mediated cyclization 





NH 2 



Y 

0=^=0 



• Argonaut [61] 

• 20 ex; 50-69% 

• COI- mediated formation 
and cyctodehydration of 
O-ac yibenzam idoxlm es 



• Ley, S. V. [88] 
. 27 ex; 30-95% 

• from acetophenones; use 

of polymer supported reagents 



. Ley, S. V. |67] 

1 4 ex; 47-95% 

• use of scavenger reagent 

to mediate cyclization of 

a-bromoketones and thiourea 



• Ley. S. V. [87] 

• 4 ex; 73-9S% 

• use of scavenger reagent 
to mediate cyclization of 
a-bromoketones and thiourea 



° Asterisk (*) indicates point of attachment to the resin. 
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(a) Solid pliase 



N_R 2 




• Brase. S. [27] 

• 5 ex; 47-95% 

• Pd-catalyzed atkynytation ol 
trlazene bound o-halo arenas, 
HX-mediated cteavage and 
cycllzailon 



.Affymax [228) 

• 12 ex; 43-80% 

• nitroarylatlon of res in- 
bound glycine, nttro 
reduction and cyclization 
with R 3 CHO 



• a* R COOH 

* A 

• R.W. Johnson [219] 

• 5 ex; 32-55% 

• intramolecular Dials- 
Akter reaction; X-0.2H 



R' COOH 
n 




h 

• R.W.Johnson (219) 

• 5 ex; 32-55% 

• Intramolecular Diels- 
Alder reaction; X-O. 2H 



1 



• Sun.C.-M. [174] 

• 5 ex; 75-96% 

• from resin-bound 
4-fluoro-3-nitrobenzoic 
acid 



4 



COOH 
NHR 

• Burkett. B. A. [341 
.4 ex; 72-81% 

• Diets-Alder reaction 
between resin-bound 
dihydroalanlne and cyck> 
pentadiene 




• NovoNordtek (75] 
. 8 ex; 66-81% 

• resin-bound benzamlde 
ortho-tithlation then reaction 
with ArCHO and IntracyclatK'o 
cleavage 



HsCO v 



• Sun, C.-M. [240] 

• 12 ex; 72-99% 

• liquid-phase synthesis from 
Immobilized 4-f!uoro-3- 
nitrobenzote acid 



P, 



R 1 

• SIODCO [210] 

• 96 ex; ca. 77% 

• from resin-bound 
4-fluoro-3-nitrobenzoic 
acid 



NH 2 



• Chauhan. P. M. S. [214] 

• 2 ex; 76-80% 

• from resin-bound 2- 
(alkyllhio)-4-aminopyrimidlne- 
5-carbonitrile; resin cleavage 
with Ni/H 2 ; X » O, S 



• Chauhan, P. M.S. [214] 

• 2 ex; ca. 75% 

• from resln-bound 2-(alkylthk»- 
4-aminopyrimidlne-5-carboxamidG; 
resin cteavage with Ni/H 2 ; X « O. S 




• Du Pont [208] 
« 8 ex; 18-99% 

• Diets-Alder reaction of 
resin-bound silytoxydienes 
derived from polymer- 
supported sliyf (dilate and 
unsaturated ketone; X = O, NPh 




• Du Pont [208] 

• 4 ex; 31-97% 

• Diets -Alder reactions of 
resin-bound sityloxydienes 
derived from polymer-supported 

sifyl Inflate and unsaturated aldehyde 



Br^^^NH 



.to 01 






• Abell, C. [53] 

• 1 ex; 69% 

• reaction of 3-bromoaniline 
and resin-bound 4-chloro- 
quinazolone-2-carboxylic 
acid, then cleavage 

via decarboxylation 



• Abell, C. [53] 

• 1 ex; 64% 

• condensation of resin- 
bound ethyl oxalate and ,, 
2-amino benzamlde, then 
cleavage via decarboxylation 



• R.W.Johnson [140] 

• 35 ex; 46-98% 

• from 4-tluoro-3-nitro- 
benzolc acid and B-amino 
esters 



• Spyder [136] 

• 380 members 

• centrifuge based 
liquid removal 




• Chmieiewskl, M, (73, 74] 

• 2 ex; 26-30% 

• Intracyclatlve cattonk; 
cleavage 




• Novo Norilsk [244] 

• 6 ex; 26-43% 

• from reatn-bound 4-fluoro- 
3-nftrobenzolc acid 




• Affymax [201] 

• ca. 50 ex; ca. 50% 

• S*|Ar addition of cysteine to 
resln-bound 4-fluorc-3- 
nltrobenzotc acid 




• Knochel, P. [193] 

• 10 ex; 69-98% 

• formation of resin-bound 
Grlgnard, addition of ArCHO, 
then Intracyclatlve cleavage 
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• Parke-Oavis (25J 

• ca. 8 ex; 34-73% 

• ring'formation via Intra- 
molecular Heck reaction 



H 3 CO 



• Sun, C.-M.J241] 

• 12 ex; 64-92% 

• from resln-bound 4- 
fluoro-3-nrtrobenzoic acid; 
soluble support 



COXR 3 





• Organon (12J 

• 7 ex; 20-B0% 

• intracyclatlve cleavage 
of resin-bound 1,2- 
dicartxjxyiic acids 



NCOR' 




• CORTher. [1081 

• 9 ex; 85-90% 

• TMOFflTA-mediated 
cycllzation of resln- 
bound anilino carbamates 



fl'yNCOR 2 



• SIBIA [461 

• 13 ex; 0-83% 

• 0 lets -Alder reaction of 
resln-bound enot ether derived 
from N-acyi-2-substituted- 
dihydro-4-pyrfdone 



NC0 2 Et 

• SIBIA [46] 

• 2 ex; 41-83% 

• Dlels-Alder reaction of resln- 
bound end ether derived from 
N-acy1-2-substituted-dihydro-4- 
pyridlne 



• Axys Pharm. [24] 

• 10 ex; 24-82% 

• [4+21 cycloadditton of 
resin-bound diene and 
urazine, then MHsunobu 
to introduce R 4 



r' NCOR 2 
Ph 



HO' 



• SIBIA [46] 

• 2 ex; 15% 

• Diels-Alder reaction of resin- 
bound enol ether derived from 
N-acyl-2-substttuted-dihydro-4- 
pyrtdine 




. Alfymax [179] 

.14 ex; 83-98% 

■ intramolecular Diels-Alder 

reaction of resln-bound 

furans;X = 0, NH 



.SI00CO [211] 
• 10 ex; 30-74% 
. reductive amtnatfon of 
resin-bound aldehyde, then 
N-arylation with o-fluoronitroaryls. 
NO z reduction, acytetlon, Intra- 
cyclatlve cleavage 



• Grfgg, R. [82] 
. 5 ex; 20-40% 

• Pd-catar/zed intermodular 
cascade reaction with aryl- 
Iodides, CO, and resin-bound 
hydroxylamine 



. Ganesan, A. [235] 
« ca. 17 ex; 39-88% 
• Pictet-Spengler condensation 
of N-acytiminium species 
prepared Irom resln-bound 
tryptophan, Fmoc- amino acid 
chlorides and RCHO, then Fmoc 
removaf and Intracyclatlve cleavage 




. RPR [109] 

• 5 ex; 39-82% 

• Ugi three-component 
condensation with ethyl- 
glyoxalate 




* Spitzner, D. [86] 
. 1 ex; 79% 

• resln-bound anionically- 
induced domino reactions;, 
three derivatives 

also prepared 




rV 

• RPR [109] 

• 5 ex; 20-100% 

. Ugl three-component 
condensation with ethyl- 
glyoxalate 




• Amgen[l22] 

• size and yield not given 

• novel condensation 
from o-trifluorophenyl 
hydrazones 




0 



• Aftymax [1781 
. 6 ex; 88-95% 

• tandem four-component 
condensation/Intramolecular 
Dlels-Alder reaction 




AcHN 



• NovoNordisk [216] 
. 1 ex; 66% 

. SfjAr displacement of 4- 
(luoro-3-nitrobenzoic add 
amide with arylacetonltitle, 
then nitro reduction and 
cyclizatlon 




• Houghten, R. A. [163] 

• ca. 4560 members 

• from resln-bound cysteine 
and 2-lluoro-5-nitrobenzene 
carboxyiic add 




. Btechert. S. [200] 
. 9 ex; 14-28% 

■ yne-ene cross metathesis and 
Diels-Alder cycloaddition then 
intracyclatlve cleavage 
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Br H 

O \ •' 
C0 2 H 

• Mala. E. G [62] 
.4 ex; 45-55% 

• thermal rearrangement of 
penicillin sulfoxide 



2* j 



R 3 



n 



ft 2 



• MolecumeUcs [67] 

• 11 ex; 22-71% 

• acytimlnlum cycliza- 
tton 



HO 
Z 2 

• NovoN'ordisk [216} 

• 3 ex; 39-74% 

• S^Ar displacement of resin-bound 
4-fluoro-3-nitroben20ks acid with 

1 ,3-dkarbonyls or acetonitriles, then 
nttro reduction and cyclization 

(b) Solution phase 




• RepKGen [245J 

• 13 ex; 75-100% 

• Ugl three-component 
condensation 




NH 2 



• Spyder (137) 

• 30,816 members 

• from resln-bound Imfne and 
homophthelic anhydride 



R 4 HN^*0 




O R' 




R* 



r 3 ':o 



• Nicolaou. K.C.[166] 

• ca. 15 ex; 21-96% 

• So- mediated cyclization 
using polymer-supported 
reagent 




NOR 



• RepliGen [245} 

• 13 ex; 56-91% 

• Ugi three-component 
condensation 



,Y 6 



• Grigg, R. [82} 

• 10 ex; 21-69% 

• Pd-cataryzed Intramolecular 
cascade reaction with 
o-todo aryl ethers, CO. and 
protected hydroxylamines 




R N 



,NH 
R 1 



• Affymax [16) 

• 4800 members 

• sequential Hantzch 
condensation and intra- 
cyciative cleavage 



° Asterisk (*) indicates point of attachment to the resin. 



Table 10. Polycyclic and Macrocyclic Synthesis: (a) Solid Phase, (b) Solution Phase* 



(a) Solid phase 



0 1 ? : 




R\, COOH 



• SKB (133] 

• 11 ex; 68-99% 

• maciocyclizatlon ol lysine 
e-NH ? and succinamide 
carboxyllc acid 



• Burgess K. [69] 

• 13 ex; 15-44% 

• intramolecular cyclization 
of cysteine and benzyl- 
bromide 



• Amgen [171] 

• 5 ex; 38-53% 

• reductive alkyfatlon of 
resin-bound (J -alanine with 
2-nuoro-S-nltrobenzaJdehyde 
and 2-hydroxybenzatdehyde. 
then Intramolecular cyclization, 
cleavage, and N-aJkyf atlon 



• R.W.Johnson 1219) 

• 2 ex; 36-37% 

• Intramolecular Diels-Akter 
reaction; X ° CH. 0; 

Y = O, 2H 
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H * 1 



• IblsTher. (112) 

• 26 ex; good purity 

• Intramolecular ether 
formation via nucieophlllc 
aromatic substitution; 
X*N0 2 , NHR 4 

r'hn^o 




• Amgen [80] 

• 18 ex; 55-78% 

• SfjAr Intramotecular 
cyclizatlon ol 4-OH-Pro 

(b) Solution phase 




• RepilGen [245] 
1 13 ex; 38-64% 

• Ugi three-component 
condensation 



R 3 ,0 

• Affymax [180] 

• 12 ex; 14-34% 

• Intramolecular azomethine 
yiide cycloaddition and 
intracyciative cleavage 




• Amgen [124] 

• 30 members 

• S^Ar cyclizalion 



• KepliGen (245] 

• 13 ex; 19-42% 

• Ugl three-component 
condensation 




NHCOR 2 



• Amgen [170. 172} 

• 15 ex; 55-67% 

• S N Ar cyclization from resin- 
bound phenols and 
2-fluoro-5-nitrobenzoic acid 




• Amgen [t23] 

• 20 ex; 52-68% 

• SwAr reaction 



N0 2 



» Asterisk (*) indicates point of attachment to the resin. 
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In principle: Proteins are polymers of amino acids 

H H OH 

amino H -N-C-C = 0 cart >oxy 
terminus ■ terminus 

R 

radical group 

[sometimes NH 3 + & COO" : depends on pH] 

R = radical group: 
asy mmetric (Homework); levo (L )-rotator y [cf. dextro (D)-rotatory] 

determines chemical properties: 20 types (note 3-letter & single-letter codes) ( MGA2 Table 
3=1) 



Group properties 


Three- & Single- 
letter codes 


non-polar (hydrophobic] . 


ala, val, leu, ile, pro, met, phe, 
trp 




A V L 1 P M F W 


oolar (hydrophilic) (neutral 
charqe) 


gly, ser, thr, cys, tyr, asn, gin 




G S T C Y N Q 


polar basic (positive charge) 


lys, arg, his 




K R H 


polar acidic (neqative charge). 


asp, glu 




D E 



[Memorization of the abbreviations is not required for exams, but w/7/make your lives as biologists 
easier!] 



Dehydration of adjacent carboxy & amino termini forms peptide bond (MGA2J)3-21.) 
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H 0 N - C - C -|QH 



l 1 



O H 



H 



HN-C-COOH 



H 2 N ■ C ■ C - N - C - COOH + H 2 0 



Dehydration 



Peptide Bond 



Peptidyl Transferase catalyzes dehydration reaction: 
carboxyl (C) terminus of growing polypeptide in P site 
is cleaved from the tRNA & 

joins to amino (N) terminus of new amino acid in A site 

=> carb oxyl end " grows" : in the last example, 
NH 2 - fmet - phe - gly - pro - COOH + NH 2 - lys - COOH 

NH 2 - fmet - phe - gly - pro - lys - COOH 

Recall that amino acid in A site is linked to tRNA through COOH terminus 
Repeating, remnant backbone subunit [N - C(R) - C ] is an amino acid residue 

Proteins have four levels of structure 

Primary Structure - order of amino acid residues in polypeptide (MGA2_0 3-18a ) ( Gr09- 
04a) 

20 N possible, where N is number of residues 
Potential for enormous variety: 
e.g., 20 s = 3,2 x 10 6 possible pentapeptides 

Secondary Structure - configuration of [-C-CIM-] backbone ( MGA2_03-18b ) 
alpha helix: a r ight-h anded he lix 
beta-pleated-sheet: parallel / ant ip aralle l chain s 
both stabilized by H-bonds 

Tertiary Structure - 3-Dimensional folding of backbone 
cys + cys pairs form disulfide bridges ( - S - S -) 
pro residues form hydrophobic " corners " 
hydrophilic residues occur on exterior, 

participate in reactions in aqueous environments 
hydrophobic residues occur in interior, 
interact with membrane lipid bi-layer 
gly fits in both hydrophobic & hydrophilic environments 



Quaternary Structure - assembly of multiple subunits ( MGA2 _03-18d) 
monomers / dimers / oligomers 



http://www.rnun.ca/biology/scarr/2250_Proteins.html 
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e.g., hemoglobin is a tetramer v two alpha + two beta chains 
charged residues (asp, glu, lys/arg, his) form ionic bonds bx subunits 



Post-translational processing 
Chemical modification of amino acids 

addition of formyl group to met->fmet 
Addition of carbohydrate side chains (glycoproteins) 

ABO blood group proteins 
Amino acids may be cleaved out of primary structure 

e.g., biologically active insulin is less than half the primary sequence 




Signal B chain B chain B chain 

peptide 

Preproinsuim Proinsufin Insuim 



preproinsulin — > proinsulin — ► insulin 

(110aa's) (86aa's) (51 aa's) 

signal peptide (24 aa's) clipped from amino terminus 
C peptide (31 aa's) excised from center 
Tertiary (active) structure of insulin is 

A chain (30 aa's) & B chain (21 aa's) held together by 3 disulfide bridges 



Overview of protein function 

Enzymatic catalysis of biological reactions 
o Substrates are bound in active sites ( MGA2 _03-36): the IMuced-Fjt Model 
Lowered energy of activat ion 

biological reactions occur at body temperature 

with lower energy input 
Anabolic - synthesis of complex molecules from simpler components 
Ex., transferases synthesize peptide bonds 
polymerases assemble nucleotides 
Catabolic - break-down of complex molecules into simpler 

Ex., dehydrogenases remove protons (H + ) 
Amphibolic - reversible reactions 

direction depends on relative concentration of precursor and product 



http://www.mun.ca/biology/scarr/2250_Proteins.html 
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Structural motifs recur in proteins with similar functions 
Identification of motifs allows inferences about function 

Helix - loop - helix motifs binds Ca ++ ( Gr09-10a ) 

Zinc - finger motifs (Gr0 9-10b ) binds major & minor DNA grooves ( Gr09-10c ) 

Other protein functions: 
Structural: 

Collagen constitutes 25% of human protein 
HLsJtoji&s are the major components of chromosomes 

[ online M GA animatio n of DNA packing into chromosomes] 

Transport: 

Hemoglobin in blood & myoglobin in muscle bind 0 2 

Miscellaneous: 

immunoglobulins, hormones , etc. 

Major Histocompatibility Complex (MHC) determines transplant success 

D rosophi la Genome Project has cataloged >1 1 ,000 genes with protein products 
2 / 3 have unknown functions (M GA2. Table 3-5 ) 



All text material ©2005 by Steven M. Carr 
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Dr. Steven M. Carr 
Department of Biology 
M emorial Unive rsit y of Newfoundland 
St. John's NL A1B 3X9, Canada 
e-mail: scarr@ mun.ca 



Click on the following for: 

Bio2250 Lab Manual v.04d (updated 28 Sept 2005) 
(PDF format requires Acrobat r eader ) 
downloading requires password; see instructors 

Dr. Innes' Bio2250 webpage (Fall 2005) 
Dr. Staveley's Bio2250 webpage (Fall 2001) 

The Bio2250 Lecture & Lab schedule (updated 06 Sept 2005) 
An orien tation to the course (please read !!) 
An introduction to the website 
Tutorial on constructing webpa g es 
Sample Quiz & Exam questions (updated 05 Dec 2005) 

Link to Griffiths et al. (2003) M odern Genetic Analysis ( 2nd ed) online [MGA2] 

See practice problems from Chaps 8, ,9 & 10 online 

Some interestin g Genetics links 
Genetic R e searc h in my lab 

Bio2900 (Principles of S y stematics & Evolution ) (from Winter 200 1 ) 
Bio4241 (A dvanced G enetics) (next offered Fall 2006) 

Bio4505 (Bio geog raph y & Systematics ) (from Fall 2002) 
Bio4900 ( Funda m entals of G eneic Biotechnology) (next offered Summer 2006) 

Med6390 (H uman Po pulation Genetics ) (next offered Fall 2006) 



http.7/wwvv.mun.ca/bio]ogy/scarr/Bio2250.html 
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Activities of BIOS (MUN Biology Society) 

Click here to e-mail me questions, comments, or suggestions. 
Please include '2250' in the subject line 



Lectures: TuTh 0900-1 01 5 Sn-21 09 (Science Lecture Theatre) 

Labs: MTuWTh 1400-1700 Sn-41 10 (Genetics & Evolution Laboratory) 



Course lecture notes: 
These notes are revised before & after lectures; check frequently for revisions. 





Topic 


Last Revised 


Lecture Date 




History of the Discovery of DNA 


02 Aug 2005 




ii 


Structure of DNA: the Hereditary Molecule 


02 Aug 2005 


08 Sept 2005 


2 


How Genes Work 1: DNA Replication & Transcription 


02 Aug 2005 


13 Sept 2005 


[3 


The Genetic Code 


02 Aug 2005 


15 Sept 2005 




How Genes Work II: RNA Translation 


02 Aug 2005 


20 Sept 2005 


5 


How Genes Work III: Protein Structure & Function 

Molecular Basis of Heredity 


02 Aug 2005 
29 Sept 2005 


22 Sept 2005 
27, 29 Sept 200i 


1 


Molecular Basis of Mutation 


29 Sept 2005 


04 Oct 2005 




Midterm Exam 


Sample 


06 Oct 2005 




Dr Innes - Mendelian Genetics 


Website 


13 Oct -17 Nov 2( 


It_ 


Genetic Engineerina & Biotechnology 


20 Nov 2005 


22, 24 Nov 200; 


|8 


Applications of Biotech noloay & Genomics 


20 Nov 2005 


20 Nov, 01 Dec 2( 
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■J^QLOBIN S HAS AN ABNORMAL ELECTROPHORETIC 

Linus Pauling and his associates examined the physical-chemi- 
Tfbperties of hemoglobin from normal people and from those with 
Jpcell trait or sickle-cell anemia. Their experimental approach was 
J|f rc h for differences between these hemoglobins by electrophore- 
phey found that the isoelectric point (p. 45) of sickle-cell hemoglo- 
higher than that of normal hemoglobin in both the oxygenated 
^he deoxygenated state (Figure 7-42): 
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Normal 


Sickle-cell 


Difference 






anemia 




Oxyhemoglobin 


6.87 


7.09 


0.22 


Deoxyhemoglobin 


6.68 


6.91 


0.23 



jrfoese observations suggested that there is a difference in the number or 
^L ofionimble groups in the two hemoglobins. An estimate was made from 
Sfiacid-base titration curve of hemoglobin in the neighborhood of pH 
k change of one pH unit in the hemoglobin solution produces a 
Gfiahge of about thirteen charges. The difference in isoelectric pH of 
(jj|3 therefore corresponds to about three charges per hemoglobin 
molecule. It was concluded that sickle-cell hemoglobin has between two and 
ofir more net positive charges per molecule than does normal hemoglobin. 
Patients with sickle-cell anemia (who are homozygous for the sickle 
ene) have hemoglobin S but no hemoglobin A. In contrast, people 
Sfith sickle-cell trait (who are heterozygous for the sickle gene) have 
Sbth kinds of hemoglobin in approximately equal amounts (Figure 
f-43). Thus, Pauling's study revealed "a clear case of a change produced in 
dprotein molecule by an allelic change in a single gene. 1 ' This was the first 
Semonstration of a molecular disease. 



» SINGLE AMINO ACID IN THE BETA CHAIN IS ALTERED 
3H SICKLE-CELL HEMOGLOBIN 

t*The precise difference between normal and sickle-cell hemoglobin was 
identified in 1954, when Vernon Ingram devised a new technique for 
Selecting amino acid substitutions in proteins. The hemoglobin mole- 
cule was split into smaller units for analysis, because it was anticipated 
What it would be easier to detect an altered amino acid in a peptide 
^ containing about 20 residues than in a protein ten times as large. Tryp- 
sin was used to specifically cleave hemoglobin on the carboxyl side of its 
J lysine and arginine residues. Because an a/3 half of hemoglobin con- 
| tains a total of 27 lysine and arginine residues, tryptic digestion produced 
28 different peptides. The next step was to separate the peptides. This 
was accomplished by a two-dimensional procedure (Figure 7-44). The mix- 



Mixture of 
peptides 

j 



Electrophoresis 
in the horizontal 
direction 



1 2 3 45 6 789 

lit mmj 



Chromatography 
in the vertical 
direction 



3 
• 


5 9 * 






2 




• 




1 




• 





Sickle 




Figure 7-42 

Eiectrophoretic mobility of sickle-cell 
hemoglobin and of normal 
hemoglobin as a function of pH. 
The isoelectric point of a molecule is 
the pH at which its mobility is 0. 



Normal Sickle-cell Sickle-cell 
trait anemia 




Figure 7-43 

Gel electrophoresis pattern at pH 8.6 
of hemoglobin isolated from a 
normal person, from a person with 
sickle-cell trait, and from a person 
with sickle-cell anemia. 



Figure 7-44 

Fingerprinting. A mixture of 
peptides produced by proteolytic 
cleavage is resolved by 
electrophoresis in the horizontal 
direction followed by 
chromatography in the vertical 
direction. 
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Chromatography — 
A term introduced by Mikhail 
Tswett in 1906 to describe the 
separation of a mixture of leaf 
pigments on a calcium 
carbonate column, like "light 
rays in the spectrum." 
Derived from the Greek words 
chroma, color, and graphehi, to 
draw or write. 



ture of peptides was placed in a spot at one corner of a large sheer r 
filter paper. Electrophoresis was first carried out in one direction f , 
lowed by chromatography in the perpendicular direction. Finally' t f 
peptide spots were made visible by staining the filter paper with ninh 
dnn. This sequence of steps-selective cleavage of a protein into srJii 
peptides, followed by their separation in two dimensions— is called /? 
gerprinting. J 

The fingerprints of hemoglobins A and S were highly revealing (Fj„ 
ure 7-45). When they were compared, all but one of the peptide si 
matched. The one spot that was different was eluted from each fi n «L 
print and shown to be a single peptide consisting of eight amino acids 
Amino acid analysis indicated that this peptide in hemoglobin S dif 
fered from the one in hemoglobin A by a single amino acid. Ingram 
determined the sequence of this peptide and showed that hemoglobins 
contains valine instead of glutamate at position 6 of the (3 chain: 



Hemoglobin A 
Hemoglobin S 



Val-His-Leu-Thr-Pro-Glu-Glu-Lys- 
Val-His-Leu-Thr-Pro-Val-Glu-Lys- 
01 2345678 



Figure 7-45 

Comparison of the ninhydrin-stained 
fingerprints of hemoglobin A and 
hemoglobin S. The position of the 
peptide that is different in these 
hemoglobins is encircled in red. 
[Courtesy of Dr. Corrado Baglioni.] 



Origin 



Origin 
* + 



Hemoglobin A 



Hemoglobin S 




Figure 7-46 

The position of the amino acid 
change in hemoglobin S (glutamate 
to valine at 06) is marked in red in 
this model of deoxyhemoglobin. 
Note that this site is at the surface of 
the protein. The a chains are shown 
in yellow, the p chains in blue. 
[After J. T. Finch, M. F. Perutz, f. F. 
Beriles, and J. Dobler. Proc. Nat. 
Acad. Sci. 70(1 973): 721.] 



SICKLE HEMOGLOBIN HAS STICKY PATCHES ON ITS SURFACE 

The side chain of valine is distinctly nonpolar, whereas that of gluta- 
mate is highly polar. The substitution of valine for glutamate at position 
tot the p chains places a nonpolar residue on the outside of hemoglo- 
bin S (Figure 7-46). This alteration markedly reduces the solubility of deoxv 
genated hemoglobin S but has little effect on the solubility of oxygenated hem oglo- 
bin S. This fact is crucial to an understanding of the clinical picture of 
sickle-cell anemia and sickle-cell trait. 

The molecular basis of sickling can be visualized as follows: 

1. The substitution of valine for glutamic acid gives hemoglobin S a 
sticky patch on the outside of each of its (3 chains (Figure 7-47). This 
sticky patch is present on both oxv- and deoxyhemoglobin S and is 
missing from hemoglobin A. 

2. In the EF corner of each f3 chain of deoxyhemoglobin S is a hydro- 
phobic site that is complementary to the sticky patch (Figure 7-47)! The 
complementary site on one deoxyhemoglobin S molecule can bind to 
the sticky patch on another deoxyhemoglobin S molecule, which results 
m the formation of long fibers that distort the red cell. 
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play different roles in the structure and/or function of 
TGF-a. 



KUlA . a-0 «tu, r . M„. .«S. p. 1KMS* 

Received 22 Ju.y 1987/ Accept 30 November 1987 

wth factor a (TGF-a) and some 

of its functional properties (competition wrth ep aer * ^ amm0 d muUUons m - n g 

and induction of ^^^^1^0^ The wild-type and mutant proton. ln the 

?or the fully processed, ^"^^p^oter. Mutations of two am.no acids that are c 
vector by using a yeast « mating pheromone promo ^^^a, part of TGF^ r«u 
family of the EGF-like peptides ™JyJ^ toted t0 alanine or asparagme bwlog.cal act. y^ 
biological effects. When aspartic a^^^ne or glutamic acid generated mutante won ^ 
*J^***^«£^Z2^ was mutated to alanine, a ™ ha 
and colony-forming capacities. When ■ . 48 t0 fcoieucine or methionine r differen t 

indirectly in determining the biologically acu 
of TGF-a by its receptor. 

Transforming growth fccror , «> ^f^^S^S 

appears to oe cioseiy itia r nq M > The two pep- 

(EGF) structurally and fu . ncUonal, L?nmr and both induce 
lides apparently bind to ^ same ^or, ^ f oth ^ 
anchorage-independent growth ot cenain ' " Q) 
St 2d> as NRK cells, in ^^ r ^^35% 
Comparison of amino acid sequences "T^ 1 * use 

homoTo^y among the ggW^tt&Tffi 
1251. and human [13] EG* ™drat U9n« ^ ^ 

TGF-as). Some v.ral P^^J^JJ^ growth factor 
161. vaccinia growth factor l 2 !;^ "S^ptides. 
(301) also share homologies witMheEGF hke pep^ 

If TGF-a is involved in transformation, a iu t 
nist could be an important ^^^^^^cS the 
of certain types of malignances. An ^^ctcX. mo le- 
conformational and dy nam, %P ro ^"l A hypothetical 
cul, is basic to the design of an antagonist AW» 
antagonist would bind to the same receptor J ™ ^ 
would not induce the series of P r o hf « rat,v \ a " a ,: ra ,"cule it is 
events induced by TGF-a To *J^£j£t?^ 
necessary to dissociate 'n ter a cl,on % r «f^" s 'Sr e decided to 
from those involved in s.gnal ^S^^S^ of 
approach the problem by way * ^^&S*fl* our 
a human sequence of TGF-a. in mis "=l~ residues 
first series of mutations, whict .were earned out* re 
Asp-47 and Leu-48. in the ^^J^ifSeEOF-like 
these two amino acids are highly conserved 2™ residues 
family of peptides. We show that these two adjacent re 

0 Corresponding author. i4„i«-ulaire IRSG, 94802 

t Present address: Unite d Oncologie Moleculaire. in. 

Villejuif Cedex. France. 



MATERIALS AND METHODS 



in 



D r CC o«^ 

~TG F Tgene. The sequence of the SMbHg huma* 
TOT- was originally J-^^J^SS by an ATG 

sorcDNA ^^SSpTAA stop codon and is 
methionine codon and followea oy w fragment 

flanked by EcoRI restnction ^ sites ^ tfron , plas - 

combines the »*J-|255£^ ISuBWU fragment 
PTES W^gjSSS^^*^*^ 
from P lasm l^fy i o fir site-directed mutagenesis, 
inserted in M13mpl8 for site^u^ec ^ u . 

Synthesis and P unfirat, °"°Vhe synthesis and purification 
d eotide^rected .^^X^Seotldes were carried out as 
of 20- to 27-nucleot.de oUgowcleoua nuc i eotides re- 
described previously (3D- ™* °"L ed in the middle of the 
t^^^^SS^S^ by published 
oYfgonucleot Me. of the mutant clones 

procedures (21, 33). ™rjT*. Sangcr e t al. (25). 

lot verified by the ""^J*^** 1 contains a yeast 
Yeast shuttle vector. The vector p ce for the 

«-factor pheromone TGF-a coding se- 
expression of TGF-a (B). . f plasnM d YEp70oT 

quence was inserted «*«^^% e in constating of « 
and expressed in the to™**™™^ 0 f the yeast « factor 
amino acids from the P r ^inS of TGF-a (28). The yeast 
attached to the amino.ternun e GF _ a wUh 8 am i no acids 
cleaves the precurwjj^ * sequence of «-factor, 
fused to it (4 are encoded by the pre t * i ce ^ to 
and the other 4 are encoded by«e ^ a 

mc TnM 

1247 



protein by cyanogen bromide (CNBr) and the release of a 
mature TGF-a (50 amino acids) (see Results). 

Yeast strain and transformation. The yeast Saccfut- 
romyces cerevisiae 20B-12 (AM 7a trpl pep4-3) (17) was 
obtained from the Yeast Genetics Stock Center, Berkeley. 
Calif. S. cerevisiae 20B-12 was grown in YEPD medium (1% 
yeast extract (Difco Laboratories], 1% Bacto-Peptone 
fDifcol, 2% glucose). When the culture reached an optical 
density at 660 nm of 1, spheroplasts were prepared (14) for 
transformation. For each transformation we used 10 to 15 jxg 
of purified plasmid DNA. 

Partial purification of TGF-a mutants. At 3 days alter 
transformation, five individual colonies of transformants 
were grown to saturation in YEPD medium. The amount of 
protein in the yeast medium was measured by the method of 
Bradford (3), and the amount of mutant TGF-a secreted in 
• the yeast medium was determined by radioimmunoassay. 
The clones which secrete the highest amount of mutant 
TGF-a were used to grow a Miter culture in YNB-CAA 
medium (0.67% yeast nitrogen base, 20 g of glucose per liter. 
10 g of Casamino Acids [Difco] per liter). After the culture 
reached saturation (optical density at 660 nm of 10 to 12) (48 
h in an air shaker at 30°C), the yeast conditioned medium 
was dialyzed extensively against 1 M acetic acid in 3,000- 
molecular-weight cutoff dialysis tubing. Usually 250 ml of 
dialyzed culture was lyophilized, suspended in 10 ml of 70% 
formic acid, and treated with CNBr (molar excess of 500) for 
20 h at room temperature. The CNBr was subsequently 
evaporated, and the samples were lyophilized. CNBr-trealed 
samples were suspended in 1 ml of 1 M acetic acid, loaded on 
a Bio-gel P30 column (30 by 1.5 cm [Bio-Rad Laboratories]), 
and eluted with 1 M acetic acid. Fractions of 1 ml were 
collected. Aliquots were lyophilized, suspended in binding 
buffer (minimum essential medium containing 1 mg of bovine 
serum albumin per ml and 25 mM HEPES [iV-2-hydroxy- 
ethylpiperazine-W-2-ethanesulfonic acid; pH 7.4]). neutral- 
ized if necessary to pH 7.4, and tested in EGF-binding 
competition and soft-agar assays, as well in radioimmunoas- 
say. 

Radioimmunoassays. The amounts of TGF-a secreted in 
the yeast medium were determined by radioimmunoassay 
with the immunoglobulin G fraction of a polyclonal anti- 
body, 34D, raised against recombinant human TGF-a (4), in 
0.1 M Tris (pH 7.5HU5 M NaCl-2.5 mg of bovine serum 
albumin per ml. The amounts of partially purified TGF-a 
present in the P30 column fractions were measured by using 
the Biotope RIA kit with polyclonal antibody against human 
TGF-a (a gift from W. Hargreaves, Biotope), under dena- 
turing conditions, as recommended by the supplier. 

EGF binding competition assay and soft agar assay. Both 
EGF-binding competition and soft-agar assays have been 
described previously (1). 

RESULTS 

Rationale for mutations in the carboxyl terminus of TGF-a. 
Figure 1 shows the amino acid sequence of TGF-a in which 
the residues that are conserved among all the EGF-like 
peptides described thus far (EGF, TGF-a, and EGF-like 
viral proteins) are enclosed in bold circles. Among the 11 
conserved amino acids, there arc 6 Cys and 2 Gly residues, 
. which presumably play essential roles in determining the 
overall conformation of the molecule. We concentrated on 
the two conserved amino acids in the carboxyl terminus, 
Asp-47 and Leu-48. The Asp in position 47 is conserved 
among the EGFs and TGF-a (human or murine), but not 



» I 3 4 S 6 1 ■ » to ll 12 ij 

M 27 28 29 JO Jl 33 33 |J4 35 36 37^^ M 
50 «9 48 47 46 45 44 43 42 41 40 



l,A.M S.A.N.E 

FIG. 1. Mutations in the carboxy terminus of human TGF-a. The 
amino acids conserved in all the family of EGF-like growth factors 
< human and murine EGFs and TGFs. as well as the gene products of 
the vaccinia virus | vaccinia growth factorl, the Shope fibroma virus 
(Shope fibroma growth factor), and the myxoma virus (myxoma 
growth factor!) are enclosed in bold circles. The mutations of amino 
acids at positions 47 and 48 are indicated. Symbols: A, Ala: C, Cys- 
D. Asp; E, Glu: F, Phe: G. Gly; H. His; L He; K. Lys; L. Leu: M* 
Met; N, Asn; P, Pro; Q, Gin; R, Arg; S. Ser; T, Thr; V, Val; W, Trp* 
Y.Tyr. 



among the EGF-like viral proteins (vaccinia growth factor, 
Shope fibroma growth factor, or myxoma growth factor), 
whereas Leu 48 is conserved among all the EGF-like pep- 
tides so far described. In both mouse and human EGF, the 
two corresponding residues (Asp-46 and Leu-47) are located 
near the surface of the protein (8, 22, 22a). We designed a 
series of mutations in these two positions. 

Asp-47 has been mutated to Glu, Asn, Ser, and Ala. Glu 
was chosen because it has the same charge as and a larger 
size than Asp; Asn has a similar side-chain structure, but is 
uncharged; Ser is smaller but still polar; Ala is smaller and 
nonpolar. 

Leu 48 has been mutated to He and Met, which are both 
large, nonpolar residues like Leu, and to Ala, which is 
nonpolar but smaller. We introduced the chosen mutations 
by site-directed mutagenesis of the cloned human TGF-a 
gene, using synthetic oligonucleotides. 

Construction of the yeast a mating pheromone-human 
TGF-ot plasmid. The TGF-ct expression vector pyTEl (Fig. 
2) was constructed by using plasmid YEp70aT (15) which 
contains the 2u,m origin of replication and yeast TRP1 gene 
for its replication and selective maintenance, respectively. 
YEp70aT also contains the yeast ct-factor promoter, the 
a-factor prepro sequence coding for 89 amino acids, and the 
sequence for 3 amino acids resulting from the introduction of 
Xbal and EcoRl sites. The human mature TGF-a sequence 
(12) is contained in a 170-base-pair £coRI fragment which 
includes an ATG (Met) codon preceding the sequence of 
TGF-a and a TAA (stop) codon followed by 8 nucleotides. 
This TGF-a sequence was inserted in the unique EcoRl site 
of YEp70aT. Clones with the proper orientation were se- 
lected, and DNA was isolated for yeast transformation. 

Measurement of TGF-a secreted by S. cerevisiae. The 
amount of total proteins secreted into the yeast culture was 
10 ± 1 jig/ml for wild-type as well as mutant TGF-a as 
determined by the method of Bradford (3). Before further 
purification was attempted, we wanted to determine whether 
the mutated TGF-a proteins were being secreted by the 
yeast. The low pH of the yeast medium, as well as the acidic 
proteins secreted in the yeast culture, precluded biological 
assay of secreted mutants. Therefore, immunological meth- 
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FIG. 2. Structure of the S. cerevisiae 8.2-kilobase shuttle vector 
/TEL The secretion of the TGF-a gene is under the transcriptional 
mtrol of the yeast a-factor promoter and prepro sequence (£2=3 ). 
\c yeast 2\lvci origin of replication {ma) and the selective yeast 
IP I gene (SSi ) are indicated. The TGF-a gene, preceded by an 
itialion (ATG) codon and followed by a stop (TAA) codon, is 
serted in the EcoRl site. Details are given in Materials and 
(ethods and in Results. 



is were used. Wild-type and mutant TGF-a's were se- 
eled at a level of 100 to 200 ng/ml and 10 to 500 ng/ml, 
:spectively (as determined by radioimmunoassay with poly- 
onal antibody 34D). We thus estimate that the percentage 
* TGF-a secreted in the yeast culture is at least 1% of the 
tal protein secreted. We cannot yet assess whether the 
iriations in the levels of secretion of different mutant 
GF-a proteins are real or whether one single-amtno-acid 
institution drastically affects the recognition by the anti- 
xiy. The latter hypothesis is the more likely, since the use 
' another polyclonal antibody (Biotope) under denaturing 
mdittons enabled us to detect certain TGF-a mutants (such 
[Ala 47]-TGF-a, in which the amino acid in position 47 of 
iman TGF-a is mutated to an alanine) that were poorly 
rtected by 34D, under nondenaturing as well as denaturing 
'ttditions. After the amount of TGF-a mutant proteins was 
timated, the medium was extensively dialyzed against 1 M 
etic acid and iyophilized as described in Materials and 
ethods. 

Partial purification of yeast-secreted TGF-a. Although the 
ast shuttle vector was constructed in such a way as to 
Crete TGF-a with 8 amino acids fused to the N terminus, 
was often observed that a significant fraction of the 
creted TGF-a was in a higher-molecular-weight fragment 
rresponding to the size expected from an uncleaved (un- 
tKessed) 92-amino-acid fusion protein. Since a Met had 
tt\ introduced at the N terminus of TGF-a and since 
iF-tt contains no Met in its sequence, CNBr treatment 
uld be used to cleave either of these 8- or 92-amino-acid 
terminal peptides and release the complete 50-amino-acid 
iF-a. Indeed, CNBr treatment of yeast-secreted proteins 
;ulted in the conversion of high-molecular-weight TGF-a 
o the 6,000-molecular-weight species, as revealed by 
astern immunoblot (data not shown). 
rNBr-cleaved samples (see Materials and Methods) were 
rifled on a Bio-Gel P30 column. Figure 3 shows the elution 
»file of the proteins, as well as the results of a radiorecep- 
assay and a soft-agar assay performed on aliquots of the 
umn fractions. The A 2m profile shows two major peaks of 




FRACTION (1 ml). NUMBER 

FIG. 3. Purification of yeast-secreted wild-type TGF-a. The pu- 
rification procedure is described in Materials and Methods and in 
Results. Aliquots of every other fraction of the Bio-Gel P30 column 
were tested for their abilities to compete with l - 3 I-EGF for binding 
to the EGF receptor (A) and to induce colony formation (>62 p.m) 
on NRK cells in soft agar in the presence of TGF-0 (1 ng/ml) (•). 
The ,4^ profile of the proteins was determine^ ( ). 



eluted proteins, one corresponding to the void volume and 
the other one to proteins of molecular weight <3,000. 
Aliquots of the column fractions were tested for their ability 
to compete with 125 I-EGF for binding to the receptor. The 
fractions that were the most active in this assay were located 
between the two major protein peaks, in an area where 
relatively few proteins eluted. Although some activity was 
found in the first protein peak (void volume), this was 
considerably reduced on treatment with stronger CNBr (data 
not shown). 

Aliquots of each fraction were also tested for their ability 
to induce anchorage-independent growth of NRK cells in 
soft agar in the presence of TGF-0 (1 ng/ml). The receptor 
binding and colony-forming activity superimposed almost 
exactly (Fig. 3). Analysis by polyacrylamide gel electropho- 
resis with stiver staining, as well as by Western blot, of the 
column fractions shows that our purification procedure 
(CNBr cleavage followed by P30 sizing column) eliminates 
high-molecular-weight proteins (data not shown). Since pure 
TGF-a migrates in a broad band on sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (32), this technique can- 
not be used for proper assessment of the degree of separa- 
tion of TGF-a from low-molecular-weight contaminating 
proteins. Nevertheless, within our detection levels the 
amounts of TGF-a present in the column fractions (detected 
by radioimmunoassay using the antibody from Biotope) 
correlated with the amounts observed on sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (data not shown). 

Comparison of binding and colony-forming activity of 
TGF-a partially purified from yeast media. It was important 
to show that wild-type TGF-a secreted from S, cerevisiae 
had the expected biological properties and that its activity in 
soft-agar and radioreceptor assays was equivalent. For these 
assays, the amount of EGF-competing activity present in the 
most active fraction of the P30 column of wild-type TGF-a 
was measured in terms of EGF equivalents. The dilution 
curve had a slope that was parallel to that of the EGF 
standard. This value was also used to measure the colony- 
forming activity of the partially purified wild-type TGF-a 
(with EGF as a standard in the assay). The colony-forming 
activity of the partially purified wild-type TGF-a corre- 



- 1250 LAZAR ET AL. 



Mol. Cell. Bi ol . 




EGF EQUIVALENT (ng/mU 

FIG. 4. Correlation between the activities in the binding and 
colony-forming assay for the partially purified wild-type TGF-a 
secreted by S. cerevisiae. The activity in the radioreceptor assay of 
the peak fraction from the P30 column was determined in EGF 
equivalent concentration. The value obtained was used for the 
soft-agar assay. Colonies of >62 u.m (A) and the EGF standard (•) 
are shown. 

sponded exactly to that of EGF (Fig. 4). Thus, we have 
partially purified a wild-type 50-amino-acid TGF-a showing 
the expected binding and colony-forming activities, which 
provides a reference substance for mutant TGF-as that 
might show a dissociation of binding and colony-forming 
abilities. 

Biological and biochemical activities of the partially purified 
TGF-a mutant proteins. Mutated TGF-as were expressed by- 
using the yeast system and partially purified on Bio-Gel P30 
columns as described in Materials and Methods. Mutant 
TGFhxs were usually obtained from two different clones of 
yeast transformants. The CNBr-cleaved samples were puri- 
fied through different Bio-Gel P30 columns for each mutant 
protein to avoid any possible contamination from one pep- 
tide to another. The purification profiles observed with the 
mutant TGF-as were similar to those obtained for the 
wild-type TGF-a. Aliquots of the P30 column fractions were 
tested in radioreceptor and soft-agar assays. For all mutant 
proteins, the highest activity in both assays was always 
found in the same fraction of the Bio-Gel P30 column effluent 
(peak fraction). Extensive purification of a series of mutant 
proteins for screening purposes is not practical. Therefore, 
we needed a quantitation system that would allow us to 
compare mutant proteins with each other. Thus, the amount 
of TGF-a present in the peak fraction was estimated by 
radioimmunoassay with an antiserum to native TGF-a (ob- 
tained from W. Hargreavcsj, under denaturing conditions, as 
described in Materials and Methods. All values given in 
Table 1 were obtained from the peak fraction. 

The controls done with the wild-type TGF-a showed (Fig. 
4; Table 1) that binding and transforming activity were 
equivalent. The yeast vector without a TGF-a insert did not 
secrete any EGF-like proteins, as determined by both radio- 
receptor and soft-agar assay. 

Two types of results were obtained upon assay of mutant 
proteins having different amino acid substitutions at Asp-47. 
In both (Ala-47}-TGF-a and (Asn-47|-TGF-a, binding abil- 
ity was retained. Soft-agar and radioreceptor activities cor- 
related for [Asn-471-TGF-tt; there was a lower value for 



TABLE 1. Biological and biochemical activities of mutant TGF^ 
proteins secreted by 5. cerevisiae and partially purified 



Insert in the yeast 
expression vector 


EGF equivalence (ng/ml) in: 

Radioreceptor Soft-agar 
assay assay 


Amt of TGF-a 
(ng/ml) in 
radioimmunoassay 


Wild-type TGF-a 


700 


700 


AAn 


400 


300 


ND* 


None 


o 


0 


I) 


1 Ala-4 /j-iur-a 


100 


44 


2^0 




48 


ND 


[Asn-471-TGF-a 


80 


72 


180 


75 


72 


525 


[Glu-471-TGF-a 


3 


3 


42 


in _ All T/~" IT 

(Ser-47]-TGF-a 


10 


4 


ou 


[Ala-48]-TGF-a 


0 


0 


16 




0 


0 


220 


[Ile-48}-TGF-a 


4 


12 


470 




2 


7 


490 


(Met-48]-TGF-a 


2 


8 


453 




0.5 


2 


420 



" ND. Not determined. 



colony-forming activity than for EGF-binding competition 
for [Ala-47]-TGF-a. [Ser-47]-TGF-a and [Glu-47]-TGF-a 
appeared to have lower activities in both assays than either 
wild-type TGF-a or [Ala-47]-TGF-a and [Asn-47]-TGF-a. 
These results indicate that neither the carboxyl charge nor 
the polarity of Asp-47 is essential for biological activity. 

The effects of mutation of Leu-48, one of the 11 amino 
acids perfectly conserved among all the EGFs, TGF-as, and 
viral EGF-like proteins, are dramatic. [Ala-48}-TGF-a to- 
tally lacked binding and colony-forming activity. [He- 
48J-TGF-a and [Met-48]-TGF-a had very little biological 
activity compared with wild-type TGF-a. Another substitu- 
tion, [Met-48]-TGF-a, resulted in a truncated mutant lacking 
the last 2 amino acids and having a substitution of Leu to 
homoserine at position 48 following treatment with CNBr. 
Alternatively, if [Met-48}-TGF-a was not treated with 
CNBr, fusion proteins of TGF-a (mutated to Met in position 
48) with 8 or 92 amino acids attached at the N terminus were 
obtained. Very low activities in binding and soft-agar assays 
were found for these mutants, whether or not they were 
cleaved with CNBr. Experiments on EGF and TGF-a have 
shown that an N-terminal extension does not markedly 
modify EGF-binding activity (12, 26). Therefore, the loss of 
activity obtained with (Met-48]-TGF-a that has not been 
CNBr treated was probably due to the mutation itself and 
not to the N-terminally extended fusion protein. We do not 
know whether the loss of activity observed with the TGF-a 
shortened to 48 amino acids and having a substitution of 
Leu-48 to homoserine is due only to the mutation or also to 
the lack of the last 2 amino acids. 

The data obtained by radioimmunoassay on the partially 
purified wild-type and mutant TGF-a show that the amount 
of TGF-a detected was always higher than the amount 
determined by measurement of biological activity. This may 
be due to the presence in the fraction of a certain percentage 
of incorrectly folded TGF-a that might be recognized in a 
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>iimmunoassay* under denaturing conditions but would 
be biologically active. None of the mutant proteins 
led to be present in amounts equivalent to those ob- 
sd for wild-type TGF-a in the partially purified fractions 
:ther radioimmunoassay, radioreceptor, or soft-agar as- 
was used for quantitation). It is not clear whether 
istently less TGF-ct was produced by the mutant con- 
:ts than by the wild type or whether the secreted mutant 
:ins were simply less well recognized by the antibody, 
mse of these uncertainties, the biological activities of 
lifferent mutant proteins cannot be accurately related to 
own amount of mutant TGF-a protein. Even though 
>immunoassay should be used with caution for a quan- 
ve evaluation of mutant TGF-a proteins, a positive 
lion demonstrates that immunoreactive TGF-a was 
ent in the P30 peak fraction for each mutant. Therefore, 
"act that one of the mutant proteins ([Ala-48]-TGF-a) is 
tgicatty inactive can be attributed to the mutation itself, 
not to the lack of production of the mutant protein by the 
t or its loss through purification. However, if the mutant 
tins are in fact as immunoreactive as the wild type, then 
-47J-TGF-a and [Asn-47]-TGF-a are as active as wild- 
TGF-a and [Glu-47]-TGF-a and [Ser-47]-TGF-a are 
active: in contrast, [Ile-48]-TGF-a and [Met-48]-TGF-a 
almost inactive. The differences between mutation of 
Al and Leu-48 would then be even more striking. 

DISCUSSION 

3F-a shows sequence homologies with EGF, and both 
/th factors share the same cellular receptors (20). Even 
gh EGF was discovered 25 years ago (7) and its prop- 
s have been extensively studied over the years (5), the 
ing site of EGF to its receptor has still not been 
rmined, and the relationship between structure and 
tion of EGF/TGF-ct is still to be discovered. Particu- 
, we do not know whether binding to the receptor and 
il transduction occur through one or more domains of 
nolecule or through which amino acids. We approached 
question by performing site-directed mutagenesis of 
: -<ot and focused our attention on two adjacent amino 
s, Asp-47 and Leu^8 f located in the carboxy terminus 
yghly conserved in the EGF-like family of peptides, 
xpectedly, these two amino acids showed very different 
ftivities to mutation and particularly to a substitution to 

IAIa-47}-TGF-<x retained binding and colony-forming 
/ities, whereas [Ala-48]-TGF-a completely lost both 
•ides. These data show that Asp-47 and Leu-48 play very 
rent roles in defining the structure and/or the activity of 
■'-a. The other mutations performed on Asp-47 were 
titutions to Asn, Ser, and Glu. [Asn-47]-TGF-a t like 
-47J-TGF-a, was active in binding and induction of 
ny formation, but [Ser-47]-TGF-a and [Glu-47J-TGF-a 
ved weaker growth factor activities. These results indi- 

tthat neither the carboxyl charge nor the polarity of 
47 is essential for biological activity. Interestingly, two 
te EGF-like viral proteins, myxoma growth factor and 
y& fibroma growth factor (6, 30), have Asn instead of Asp 
isition 47; we have shown that [Asn-47]-TGF-a retains 
)gical activity. 

ibstitution of Leu-48 to Met and He led to mutant 
eins with very low activities, whereas substitution to Ala 
o complete loss of activity. We did not expect that a 
tfion of Leu to He (which have similar sizes and polari- 
would cause such a strong effect. Thus, Leu-48, which 
unserved perfectly among all the EGF-like peptides, 



seems to be essential, through its exact geometry, for the 
biological activity of TGF-a. 

The mutant proteins tested so far, when active, showed 
parallel behaviors in binding and colony formation. Some 
mutant proteins lost all activities, and we assume that the 
binding capacity has been lost. We have not been able to 
dissociate the binding and colony-forming abilities by using 
any of the present series of mutant proteins, and it is 
necessary to screen more of them in search of an antagonist 
of TGF-a. _ 

Results relating to the biological activity of EGF show that 
derivatives of mouse EGF and human EGF (EGF 1-47) 
lacking the carboxy-terminal 6 amino acids as a result of 
enzymatic digestion are less potent than the intact molecule 
in mitogenic stimulation of fibroblasts, biit retain full biolog- 
ical activity in in vivo assays (inhibition of gastric acid 
secretion) (16). On the other hand, naturally occurring 
truncated forms of rat EGF, which lack the carboxy-terminal 
5 amino acids (rEGF 2-48) are as potent as mouse EGF 
(mEGF 1-53) in receptor-binding and mitogenic assays (27). 
We do not know whether the discrepancies observed are due 
to the origin of the molecule (artificial or natural) or to the 
type of bioassay used. In any event, all of these EGF-related 
molecules, which are shorter than mouse or human EGF, 
still retain Leu-47. We have shown that in TGF-a, the 
corresponding residue, Leu-48, is critical for the biological 
activity. 

Recent data on the three-dimensional structure of mouse 
EGF obtained by nuclear magnetic resonance show that 
even though Asp-46 and Leu-47 (Asp-47 and Leu-48 in 
TGF-a) are both solvent accessible (8, 22, 22a), their side 
chains point in opposite directions in the beta-sheet struc- 
ture. Therefore, the role of these adjacent amino acids in the 
structure and, consequently, the function of EGF might be 
very different. Our data show that the amino acids Asp-47 
and Leu-48 of TGF-a are not equally important for the 
biological activity of TGF-a, despite their conservation 
among the EGF-like peptides. From the dramatic loss in 
biological activity which is characteristic of mutation of 
Leu-48, we also suggest that this residue is involved in 
binding to the cellular receptors either by direct interaction 
with the receptor or by providing the proper conformation to 
the molecule. 
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Test Substance Sources 



I. PURE COMPOUNDS 
Aid rich Chemical Company 

An early resource in the supply of test compounds, Aldrich drew upon the 30,000+ 
compounds in its Alfred Bader collection. This collection, which predated the demand 
by several years, was accumulated from purchases of academic collections of emminent 
chemists and other diverse sources. Constituents were first available individually at a 
nominal charge. Today the collection has grown significantly with pricing competitive 
with standard brokers. Aldrich also offers their compounds in microplates. Information: 
Tel: 1-800-558-9160. 

Bionet Research Limited (UK) 

Bionet offers a library of > 1 0,000 synthetic compounds which are derived directly from 
conventional synthesis conducted by Bionet or its affiliate Key Organics Ltd. Rapid 
return is promised and delivered in follow-up supplies and scale-up. Their collection 
includes multiple analogs of aryl and heterocyclic core structures. Cost is based on 
quantity purchased. Electronic data files of their collection are availaable without charge. 
Information: Colin Deane, Bionet Research Limited, 3 Hightleld Industrial Estate, 
Camelford, Cornwall PL32 9QZ. UK. Tel: 44- 1 840-2 12171 ; Fax: 44- 1 840-2 13712. 

BioScreen International, Inc. (USA) 

BioScreen International Inc. has access to thousands of new chemical entities with 
undeveloped potential for different applications. Such compounds are from reliable new 
and established sources in Eastern Europe and the former Soviet Union. The up-to-date 
lists of available compounds can be provided for selection in either hard copy or 
? • computer readable format (MACCS or ChemBase). Selection of the compounds may be 

j truly random or based on designated chemical structure categories of interest to the 

j client. Compounds of designated chemical structures may also be custom synthesized. 

J' Various quantities are available, including, but not limited to i-5 mg, 50-100 mgs, or 

| gram quantities. Information is provided in form of floppy disks or printed lists. Lists 

( contain (if available) structure, chemical name(s), and all known relevant data. 

Compounds of interest are selected by reference number. Compounds may be purchased 
on a non-exclusive or exclusive basis. The price per selected compound is generally 
( $80/100 mg sample but varies according to quantity ordered, amount, exclusivity vs. 

i. nonexclusivity, and requested criteria by company. Information: Christina D. Cicala, 

President BioScreen International, Inc.. 5100 Vest Lane, Waldorf, MD 20601; Tel: 301- 
\ 870-7788; Fax: 202-65 1-8016: 202-484-4775. 

1 Chembridge Corporation (Russia) 

Chembridge offers access to a large collection of compounds (> 100,000) gleaned from 
academic and research institutes of Russia and the former Soviet republics. Of special 
note is the association of Chembridge with the data management company Chemical 
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Design. This interesting partnership whereby Chem-X, Chemical Design's 
pharmacophore analysis software, is applied in the cataloging of compounds from 
Chembridge's extensive compound libraries and the marketing of the same in catalog 
formats. Compounds are provided in 96-well plate format through contract with 
MicroSource Discovery Systems, Information: Eugene F. Vaisberg, Chembridge Corp., 5 
Revere Drive, Suite 200, Northbrook, IL 60062-9998: Tel: 708-498-7500; Fax: 708-54 I - 
28 17. Chemical Design: Tel: 201-529-3323; Fax: 201-529-2443. 

ComGenex, Ltd. (Hungary) 

An early provider in test compound access, ComGenex maintains a library of 20,000 
compounds derived primarily from synthesis. Offices have been established in the USA. 
Its sources have expanded from academic sources in Eastern Europe to include modular 
parallel synthesis techniques which they have developed in-house and market 
independently. ComGenex will also provide compounds in microplates through an 
arrangement with MicroSource Discovery Systems. Information: Ferenc Darvas, 
ComGenex Ltd., 5 Hollan F., Budapest Hungary I 1 136. Tel: 36-1-1 12-4878; Fax: 36-1- 
132-2574. US office: Tel: 609-520-0599; Fax: 609-520-O897. 

Contact Service Company (Russia) 

Contact Service Company draws its supplies from Russian universities and institutes. 
Compounds are available individually in milligram to gram quantities as well as in 
preselected sets in 96-well microplates. This latter offering is in association with and 
managed by MicroSource Discovery Systems. Information: Nikolai P. Savtchouk, POB 
32, Strakhovay Uchastok, Dolgaprudny, Moscow Region 14 1700, Russia. Tel: 7-95-408- 
8051; Fax: 7-95-576-0155. 

Maybridge Chemical Limited (UK) & Ryan Scientific, Inc. (USA) 
Maybridge was one of the first companies to make small samples of their synthetic 
collection available for screening purposes. Today they offer an extensive collection 
(>50,000 compounds) of analogs of aryi and heterocyclic core structures, most of which 
are prepared in house with full synthesis back-up. Cost is based on quantity purchased. 
Electronic data files of their collection are available without charge. Maybridge is 
represented by Ryan Scientific in the US. Information: Ryan Scientific, Inc. 1323 Broad 
River Road, Columbia, South Carolina 29210, USA. Tel: 803-884-49 1 1 ; Fax: 803-884- 

MicroSource Discovery Systems, Inc. (USA) 

A pioneer in the provision of test compounds in 96-well microplates in 1993, 
MicroSource has evolved into a provider of compounds individually for its microplate 
customers and as a service group for the management and plating of compound 
collections for both brokers and discovery based companies. Their compound library is 
approximately 15,000 compounds in-house with a good selection of pure and novel 
natural products. MicroSource also provides access to -100,000 compounds through 
their international network of suppliers. Screening of commercial collections is 
conducted prior to plating to remove analog redundancies, bio-incompatible and 
undesirable compound classes. Information: Mary J. Ortner, MicroSource Discovery 
Systems, Inc., 21 George Washington Plaza, Gaylordsville, Connecticut 06759. Tel: 
860-350-8078; Fax: 860-354-5300; e-Mail: micros out -c(q)aol. com 
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Molecular Diversity Preservation International (MDPJ) 

An unusual supplier that provides structure lists through their internet homepages for 
Europe (http://www.tinibase.ch/mdpi/database.htm) and a parallel form for the Americas 
(http://www.mdpi.org/database.htm). The list is updated monthly.' Total repository is 
>30,000 compounds. Information: Shu-Kun Lin, MDP1, Saengergasse 25, CH-4054 
Basel, Switzerland. Tel: 4 I -79-322-3379; Fax: 4 1-61-302-891 8; e-Mail: info' a. mdpi.org 

SPECS/BioSPECS (The Netherlands) 

An early provider in rest compound access, SPECS/BioSPECS oikvs a library of 
>25,000 compounds derived primarily from academic sources in Eastern and central 
Europe. Samples are provided in vials and plates. SPECS/BioSPECS is a well established 
source with offices in Europe and the USA. Information: SPECS/BioSPECS, 
FlemingJaan 16, 2289 CP Rijswijk, The Netherlands. Tel. 3 1 -70-3 1 900 1 9; Fax: 31-70- 
3190011; Box 1244, Merrimack, New Hampshire 03054. Tel. 603-578-2670 Tel: 603- 
578-2669; Fax: 603-424-2035. 

The Zelinsky Institute of Organic Chemistry 

The Zelinsky Institute of Organic Chemistry (ZIOC, Russia) in association with its US 
namesake, offers access to chemical databases in CHEMBASE or 1S1SBASE format (db 
or sdf-fjles) by ftp or hup through their Moscow server. The service includes: a) monthly 
review of compounds syntheses repported in Russian Journals - Russian J. Org. Chem., 
Russian Bull. Russian Acad. Sciences, Russian J. Heterocycles Chem.; b) databases of 
chemicals available from stock in ZIOC; c) Russian plant products database; d) monthly 
updated lists of small quantity samples (20-500 mg) immediately available with NMR- or 
mass-spectra; and e) substructure selections from almost 400,000 structures sold during 
last 5 years. The service is managed through a password system at a fee is 60$/month. 
Additional information: USA: Tel. 302-322-3239; Fax: 302-323-0464, e-Mail: 
Murat@brahms.udel.edu. in Russia: Tel: 7-095-135-4133; Fax: 7-095-135-5328; 
e-Mail: vs@cacr.ioc.ac.ru 



II. NATURAL PRODUCT EXTRACTS 
Applied Microbial Processes, Inc. (USA) 

This group offers support in the provision of microbial extracts as a discovery tool to 
industrial research programs. Extract collections are available as vacuum dried ethyl 
acetate extracts, with 80 extracts per microplate. Modifications in extraction protocols, 
custom plate formatting, and custom collections of particular taxons or isolations from 
specific environments are also available. Pricing is based on size of order and payment 
schedule. Applied Microbial Processes also screens isolates for clients on a contract 
basis. Follow-up services include primary fractionation, dereplication and scale-up. Other 
support includes full purification and structure elucidation, and expertise in strain 
development using classical genetics, molecular biology and fermentation approaches. 
Information: Anthony Macaluso, Applied Microbial Processes, Inc., 26 Harter Avenue. 
Unit 2, Woodland, CA 95776. Tel: 916-610-2310; Fax: 916-661-6379. 



1 




1 Combinatorial synthesis 



1. Introduction 

Combinatorial chemistry has its earliest origins in solid phase peptide 
synthesis. Menri field's Nobe) Prize-winning invention depended on the use of 
consistent and reliable reaction conditions for peptide couplings, and the use 
of a polymeric solid phase to permit the simple separation of products from 
reagents (Merrifield 1963). The solid phase techniques have been greatly 
refined over the years to allow the creation of essentially any peptide molecuJe 
in a consistently high yield. In the mid 1980s, several academic teams realized 
that so reliable and consistent were the synthetic reactions, that the same 
conditions could be used to make many peptides simultaneously in the same 
reaction vessel. In this way, productivity could be enhanced, and the discovery 
of peptide epitopes responsible for protein recognition and binding could be 
accelerated. In particular, Houghten' s use of 'tea-bags* as porous containers 
for solid phase resin beads, allowed the same peptide coupling step to be 
applied to many beads simultaneously irrespective of the sequence already 
attached to the bead (Houghten 1985). However, the mix and split procedure, 
first described by Furka (Furka et al 1988), and used shortly after by 
Houghten (Houghten et a I. 1991) and Lam (Lam et al. 1991), allowed huge 
numbers of peptides to be made in a very few number of chemical steps, and 
combinatorial chemistry was born. 

In essence then, combinatorial chemistry is based on efficient, parallel 
synthesis, in that many more chemical compounds can be generated in a 
library than the number of steps used in the synthesis. This is a complete 
contrast to synthetic organic chemistry as it has been practised for the last 
100 years, as traditional chemistry is usually distinguished by use of several 
synthetic steps in the preparation of one compound. 

The impact of 'combichenV on both academics as well as industrial 
chemists has been conceptual as much as practical. The early papers in this 
field challenged the long-held beliefs that all synthetic chemical compounds 
should be made individually, in a fully purified and characterized state. Many 
groups have since explored high speed chemistry, both of mixtures and of 
single compounds, for biological applications such as drug discovery, or 
icccptor-ligand studies, although s u pram ol ecu lar chemistry has also benefited. 
The scope of chemistry employed has branched well beyond peptide synthesis 
u> include other key chemical transformations and structural classes. Some 
groups have preferred to use solution phase library chemistry (see Chapter 4) 
lor library synthesis as this generally requires much less development and 
validation, but still the majority of compound libraries are made on a solid 
phase of some description (see Chapters 2 and 3). Resin beads are still the 
preferred vehicle, but grafted polymeric 'pins', paper or polymer sheets, and 
mm glass chips have all been used. 

From the outset, one major distinction can be made between mixtures and 
single compounds. Compound mixtures can present a highly effective method 



for the discovery of compounds with particular biological or supramolecular 
activity, as long as there is a suitable reporting method to permit the 
identification of the preferred compound or compounds in the mixture. It is not 
possible however, to find compounds with any particular bulk property, such 
as magnetic or semiconducting properties, from testing mixtures. If 
compounds with specific bulk properties are required, it is a prerequisite to 
make and test isolated compounds in a pure form. Thus combinatorial 
chemistry methods to make discrete compounds have generally found the 
widest applications, whereas mixtures have mainly been applied in the search 
for biological activity. 

With the increased productivity afforded by these new combinatorial 
techniques, the challenge has transferred to the efficient screening of all these 
products. Different groups have generated various solutions to this problem, 
with many elegant library designs to permit unambiguous identification of the 
most biologically active products. Whilst the iterative deconvolution of mix 
and split libraries is widely used, much invention has been applied to the use 
of library encoding methods. In applying this methodology, a simple chemical 
or analytical analysis of a tag molecule can unequivocally define the active test 
compound structure (Chapter 5). Encoding methods can be chemical but also 
they can be electronic, with the use of transponder devices that can be written 
and read to find the identity of preferred library components. 

Thus, it can be seen that combinatorial chemistry is not one technique. It 
embraces a diversity of chemistry techniques: in solution or on solid phase, 
making libraries in mixtures or as single compounds. It may rely on esoteric 
encoding methodologies, or it may use none. The compounds may have been 
made manually, or by using the most sophisticated laboratory automation. 

In addition to revolutionizing the way chemistry is now viewed and having 
a major impact on methods for the discovery of biologically active 
compounds, combinatorial chemistry has also challenged some of the 
science's most inventive minds to generate elegant and practical solutions to 
real technological problems. This book hopes to convey a sense of the 
diversity and invention in this area, and to illustrate how any chemist might 
apply some of the methods to their own work. 

2. The drug discovery process 

The outcome of the drug discovery process is the identification of a chemical 
structure that has both the desired potency against a nominated biological target, 
and also has suitable bioavailability and efficacy in an appropriate animal model 
of the targeted disease. It is this structure that the discoverer ultimately protects 
through a patent filing. Drug discovery is both a lengthy and expensive business 
for it frequently takes five years from initiating a project to the point where a 
potential drug is nominated for development and clinical trials. 

One reason for this lengthy discovery period is that within this process, the 
synthesis of exploratory compounds can often be the slowest step. Early on in 
the lifetime of a drug discovery project medical chemists need to find a lead 
compound — a structure with some degree of affinity, however small, for 
the biological target. With this lead in hand they then proceed to the second 
phase: the identification of a drug development candidate by the stepwise, 
incremental improvement of the lead's structure (Fig. 1.1). 
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Fig. 1.1 The key steps in the drug discovery process and the steps that can be influenced by the 
application of combinatorial chemistry. 



To address the first phase, the drug discoverer often uses a known literature 
or competitors compound as a lead, But often, the target has no known ligand, 
and under these circumstances empirical screening may be the only approach 
for lead discovery. Historically, the main source of biologically active 
compounds for use in drug discovery programmes has been natural products, 
isolated from plant, animal, or fermentation sources, and the past success 
stories of the discovery of 0-lactams, tetracyclines, avermectins, and taxol are 
well known. However, despite the broad range of natural product structural 
diversity, finding activity for a specific biological target is nearly always a 
highly challenging process, and companies usually resort instead to screening 
the compound files that they have built up over many years of drug discovery. 

The average pharmaceutical company archive contains in the region of 
200000 compounds. To allow the assessment of such large numbers in a 
reasonable time-scale, automated methods for rapid screening have been 
required to allow testing of thousands of compounds per week. However, the 
flaw in this approach is that the structural diversity of company compound 
collections is limited, biased by the range of structures previously synthesized 
by that company. It is a moot point whether the frequent discovery of leads 
based on specific structural classes, benzodiazepines for example, is a 
consequence of their structural attributes, or whether their occurrence reflects 
the disproportionate number of these structures held in company vaults. The 
same argument could be applied to dihydropyridines (valued for their calcium 
channel blocking properties) or ^-lactams. 

We have reached a stage in the development of drug discovery where novel 
receptors and enzymes are increasingly being identified as therapeutic targets, 
but drug discoverers are restricted to screening natural product extracts or 
moribund compound files in order to find that elusive hint of activity that 
could launch a new synthetic programme. Thus any technique that could lead 
a new path out of this structural desert, and permit the rapid synthesis of 
thousands or even millions of new compounds for lead discovery would 
quickly capture the imagination of pharmaceutical chemists. Combinatorial 
chemistry provides such an opportunity, as it is a technique that in its power ro 
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generate huge numbers of new compounds is already changing the face of 
drug discovery. 

It has been estimated that the total number of possible small organic 
molecules is in the region of I0 200 different structures (Czarnik 1995). With 
this total collection it might be assumed that a drug for any target may be 
readily discovered. But when one considers that accumulating jusi one 
molecule of each of these compounds would result in a quantity of material 
that exceeds the mass of the universe by a factor of )0 128 , it can be appreciated 
that even empirical screening is limited by the number of compounds that 
realistically can be synthesized and tested. 

Lead discovery from combinatorial libraries is primarily a speculative 
process: it has, perhaps unfairly, been called 'irrational' drug design. Initially 
there may be no attempt to design an active library of compounds, although 
library design is becoming a key factor in the synthesis of quality libraries. 
Rather, it is the number and variety of structures that libraries can offer that are 
their main attraction. Often, any structural preconceptions of what might, or 
should have, affinity for the target protein are usually ignored in favour of the 
serendipitous discovery of a novel lead. This isn't to suggest that rational 
design has no place in combinatorial chemistry, as any knowledge of the 
receptor or enzyme structure, however limited, can be used to design a library 
of compounds for a specific target. 

Lead discovery is only one place where combinatorial chemistry is impacting 
on drug discovery. The second phase of taking the lead and improving its profile 
to the point where a drug development candidate can be nominated is also 
positively affected by the new high speed synthesis techniques. The chemist 
proceeds by formulating and testing compound binding hypotheses by 
synthesizing novel compounds for screening. Our understanding of the 
mechanisms by which compounds bind to a biological target is poorly 
developed, and often it is difficult to modify the lead compound in a way that 
reflects a rational understanding of the compound's mode of binding to the 
protein target. Chemists are finding that combinatorial chemistry offers a way by 
which many compounds can be synthesized in parallel to optimize a lead 
compound's activity in the absence of any binding model. 

Even if the medicinal chemist has an understanding of how the lead 
compound works, combinatorial chemistry provides a way of rapidly 
exploring structure-activity relationships (SAR). For example, the chemist 
may recognize the need for a lipophilic side-chain on his lead molecule. 
Whereas in the past he may have had the time only to synthesize compounds 
containing methyl, propyl, and benzyl substituents, combinatorial chemistry 
can be used to make 100 or more analogues to map out the potential range of 
this substituent, allowing a more thorough investigation and possibly 
identifying the unexpected active analogue. 

Combinatorial chemistry has changed the way we approach synthetic 
chemistry. In industrial environments especially where there is pressure to 
discover new, commercially profitable agents as quickly as possible, these 
techniques have already made a considerable impact. Nearly every 
pharmaceutical company has now established at least one group working in 
this area, and we have seen the emergence of huge numbers of small, 
specialized biotechnology companies offering new methods and applications 
of combinatorial synthesis. 
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Comb inato ha I chem ist ry 

The commercial applications of combinatorial chemistry have spawned 
new branches of the pharmaceutical and biotechnology industry. However, the 
area is not only useful commercially; it also offers an enormous intellectual 
challenge for industrialists and academics alike. The remainder of this chapter 
sets the scene for understanding this challenge by defining the basic concepts 
of combinatorial chemistry. 

3. Whal is combinatorial synthesis? 

The essence of combinatorial synthesis is the ability to generate large numbers 
of chemical compounds very quickly. This one key advantage has inspired 
many different uses, employing many variants of the technology. Combina- 
torial chemistry has also initiated a reassessment of the traditional methods of 
organic synthesis. Chemistry in the past has been characterized by slow, 
steady, and painstaking work; combinatorial chemistry has broken many of 
the preconceptions and permitted a Jevel of chemical productivity undreamed 
of just ten years ago. 

The speed of combinatorial synthesis has come about by discarding many 
of the dearly held precepts of organic synthesis; that all compounds and 
intermediates need to be fully purified and characterized. Instead by using 
methods that use reliable chemistry and simple but effective purifications, 
combinatorial chemistry has allowed great productivity although sometimes at 
the expense of quality. As we shall see, the pendulum is now swinging back to 
an equilibrium where quality becomes an equal partner to quantity, as it is no 
longer necessary to tolerate poor quality compounds even when made in large 
numbers. 

How have these steps forward in productivity been taken? 3n the past 
chemists have made one compound at a time, in one reaction at a time. For 
example compound A would have been reacted with compound B to give 
product AB, which would have been isolated after reaction work-up and 
purification through crystallization, distillation, or chromatography (Fig. 1.2). 
In contrast to this approach, combinatorial chemistry' offers the potential to 
make every combination of compound A) to A n with compound B| to B n . The 
range of combinatorial techniques is highly diverse, and these products could 
he made individually in a parallel fashion or in mixtures, using either solution 
or solid phase techniques. Whatever the technique used the common 
denominator is that productivity has been amplified beyond the levels that 
have been routine for the last hundred years. 




Fig. 1.2 The contrast between orthodox chemistry where products are prepared individually 
and combinatorial chemistry that offers the potential to prepare all the products of a range of 
starting materials. 
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In particular, the types of chemistry employed have been biased towards 
methods that can be expected to give good yields and purities, and furthermore 
there has been a reliance on techniques such as solid phase chemistry that do 
not require reaction work-up and also offer a degree of purification through 
simple physical separations such as filtration. 

The next chapter describes how combinatorial chemistry evolved out of the 
earliest solid phase synthesis of peptides, and how simple techniques have 
been developed to achieve a remarkable growth in synthetic productivity. 
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/. Introduction 

Years of cumulative research can result in the 
development of a clinically useful drug, providing 
either a cure for a particular disease or symptomatic 
relief from a physiological disorder. A lead compound 
with a desired pharmacological activity may have 
associated with it undesirable side effects, charac- 
teristics that limit its bioavailability, or structural 
features which adversely influence its metabolism 
and excretion fro m t he body^jBioisosterism reprer 
serits~one approach used by the medicinal chemist 
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tor the" rational mod ^ 

fsafer and more clinicaUy^ectivVagents^ Thecpn^ 
ceptTofb^ considered to be. quahta- / 

five Tand intuitive.^ / 

The prevalence of the use of bioisosteric replace- 
ments in drug design need not be emphasized. This 
topic has been reviewed in previous years. " The 
objective of this review is to provide an overview of 
bioisosteres that incorporates sufficient detail to 
enable the reader to understand the concepts being 
delineated. While a few popular examples of the 
successful use of bioisosteres have been included, the 
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present review is focused primarily upon specific 
examples from current literature. The emphasis in 
this review was to outline bioisosteric replacements 
which have been used to advance drug development. 
No attempt was made to be exhaustive or to illustrate 
all of the specific analogues represented within a 
single study. 

The ability of a group of bioisosteres to elicit similar 
biological activity has been attributed to common 
physicochemical properties. In this review an at- 
tempt has been made to quantitate, in specific 
instances, physicochemical effects such as electro- 
negativity, steric size, and lipophilicity and to cor- 
relate these values to the observed biological activity. 
Thus, an additional objective of this review was to 
demonstrate the opportunities that one has in em- 
ploying bioisosteres to gain more specific insight into 
the quantitative structure- activity relationships 
(QSAR) associated with a specific class of drugs. 
While in some instances such associations were 
detailed by the authors of these literature examples, 
others were developed on the basis of evident cor- 
relations. To further explain and rationalize the 
biological activity observed with nonciassical bioiso- 
steric groups, the observed biological activity has also 
been correlated with some substituent constants 
commonly employed in QSAR studies. These obser- 
vations are consistent with the fact that bioisosteric 
replacements often provide the foundation for the 
development of QSAR in drug design. 46 Recent 
advances in molecular biology, such as cloning of the 
various receptor subtypes, have enabled a clearer 
definition of the pharmacophoric sites. Bioisosteric 
replacements of functional groups based on this 
understanding of the pharmacophore and the phys- 
icochemical properties of the bioisosteres have en- 
hanced the potential for the successful development 
of new clinical agents. 

The bioisosteric rationale for the modification of 
lead compounds is traced back to the observation by 
Langmuir in 1919 regarding the similarities of vari- 
ous physicochemical properties of atoms, groups, 
radicals, and molecules. 7 Langmuir compared the 
physical properties of various molecules such as N2 
and CO, N 2 0 and C0 2 , and N 3 ~ and NCQ" and found 
them to be similar. On the basis of these similarities 
he identified 21 groups of isosteres. Some of these 
groups are listed in Table 1. He further deduced from 
the octet theory that the number and arrangement 
of electrons in these molecules are the same. Thus, 
isosteres were initially defined as those compounds 
or groups of atoms that have the same number and 

Table 1. Groups of Isosteres as Identified by 
Langmuir 



groups 


isosteres 


i 


H", He, Li + 


2 


O 2 -, F-, Ne, Na + , Mg 2+ . Al^ 


3 


S 2 ". Cr, Ar, K + . Ca 2 * 


4 


Cu 2 ". Zn 2+ 


J 


X 


8 


N 2 . CO. CN" 


9 


CH 4 , NIV 


10 


C0 2 , N 2 0, N 3 ", CNO~ 


1 


\ 


20 


Mn<V. CKV" 


21 


Se0 4 2 -, As0 4 3 - 
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arrangement of electrons. He further defined other 
relationships in a similar manner. Argon was viewed 
as an isostere of K + ion and methane as an isostere 
of NH 4 + ion. He deduced, therefore, that K + ions and 
NHi + ions must be similar because argon and meth- 
ane are very similar in physical properties. The 
biological similarity of molecules such as COz and 
N 2 0 was later coincidentally acknowledged as both 
compounds were capable of acting as reversible 
anesthetics to the slime mold Physarum polyceph- 
alum* 

A further extension to this concept of isosteres 
came about in 1925 with Grimm's Hydride Displace- 
ment Law. 910 This law states: "Atoms anywhere up 
to four places in the periodic system before an inert 
gas change their properties by uniting with one to 
four hydrogen atoms, in such a manner that the 
resulting combinations behave like pseudoatoms, 
which are similar to elements in the groups one to 
four places respectively, to their right." Each vertical 
column as illustrated in Table 2. according to Grimm, 
would represent a group of isosteres. 
Table 2. Grimm's Hydride Displacement Law 



N 


0 


F 


Ne 


Na 


CM 


NH 


OH 


FH 






CH 2 


NH 2 


OH 2 


FH 2 + 




CH 3 


Nlh 


OH 3 + 








CH< 


NIV 



Erlenmeyer 11 further broadened Grimm's clas- 
sification and redefined isosteres as atoms, ions, and 
molecules in which the peripheral layers of electrons 
can be considered identical (Table 3). 
Table 3. Isosteres Based on the Number of 





no. 


of peripheral electrons 




4 


5 


6 


7 


8 


N + 


P 


S 


CI 


C1H 


P* 


As 


Se 


Br 


BrH 


S + 


Sb 


Te 


I 


[H 


As* 




PH 


SH 


SH 2 


Sb+ 




■■■■ .' ■ - vrrv-fi 


PH 2 


PH 3 



The widespread application of the concept of iso- / 
sterism to modify biological activity has given rise 
to the term bioisosterism. As initially defined by 
FH&mah^ bioisostere^wre to include all atoms and 
molecules which fit the broadest definition for iso- 
steres and have a similar type of biological activity, 
which may even be antagonistic. More recently this 
definition has been broadened by Burger as "Com- 
pounds or groups that possess near-equal molecular 
shapes and volumes, approximately the same distri- 
bution of electrons, and jw hjc h exh ibit similar physi- 
cal properties...".* The 

(isosterism is that bioisosteres affect the same phar- 
macological target as agonists or antagonists and, 
( thereby, have biological properties are related 
to. each other.-- — ' 

Bioisosteres have been classified as either classical 
or nonciassical. 12 Grimm's Hydride Displacement 
Law and Erlenmeyer's definition of isosteres outline 
a series of replacements whichjhaye^been^referred- — 
to as classical bioisosteres. ; Classical bioisosteres r 
have been traditionally^vj^dinto several distinct ^ 
/categories: (A) "monovalent atoms or groups; (B) 
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divalent atoms or groups; (C) trivalent atoms or 
groups; (D) tetrasubstituted atoms; and (E) ring 
equivalents. 

clcctfSnT^SemS^ A second 

nota^Mfl^erlstic of nonclassical bioisosteres is 
that they do not have the same number of atoms as 
the substituent or moiety for which they are used as 
a replacement. Nonclassical bioisosteres can be 
further divided into groups: (A) rings vs noncyclic 
structures; and (B) exchangeable groups. 

This approach to classifying bioisosteres will be 
used to review literature examples of those bioiso- 
steric replacements that have provided useful infor- 
mation on the structure- activity relationships as- 
sociated with various pharmacologically active com- 
pounds. 

//. Classical Bioisosteres 

A. Monovalent Atoms or Groups 

Similarities in certain physicochemical properties 
have enabled investigators to successfully exploit 
several monovalent bioisosteres. These can be di- 
vided into the following groups: (1) fluorine vs 
hydrogen replacements; (2) amino-hydroxyl inter- 
changes; (3) thiol-hydroxyl interchanges; (4) fluorine, 
hydroxyl, amino, and methyl group interchanges 
(Grimms Hydride Displacement Law); (5) chloro, 
bromo, thiol and hydroxyl group interchanges (Er- 
lenmeyer's Broadened Classification of Grimm's Dis- 
placement Law). 

1. Fluorine vs Hydrogen Replacements 

The substitution of hydrogen by fluorine is one of 
the more commonly employed monovalent isosteric 
replacements. Steric parameters for hydrogen and 
fluorine are similar, their van der Waal's radii being 
1.2 and 1.35 A, respectively. 13 Thus, the difference 
in the electronic effects (fluorine being the most 
electronegative element in the periodic table) is often 
the basis for the major differences in the pharmaco- 
logical properties of agents where fluorine has been 
substituted for hydrogen. Due to its electronegativ- 
ity, fluorine exerts strong field and inductive effects 
on the adjacent carbon atom. Fluorine substitution, 
in general, exerts a diminished electron-withdrawing 
effect at distal sites. However, fluorine can donate 
a lone pair of electrons by resonance. This is com- 
monly referred to as its mesomeric effect. The 
opposing resonance and field effects can nearly 
cancel. The pharmacological differences can be at- 
tributed to the influence of the electron-withdrawing 
effect that the fluorine substitution causes on inter- 
action with either a biological receptor or enzyme, 
as well as its effect on the metabolic fate of the drug. 

The antineoplastic agent 5-fluorouracil (5-FU) rep- 
resents a classical example of how fluorine substitu- 
tion of a normal enzyme substrate can result in a 
derivative which can alter select enzymatic processes. 
In this instance, 5-FU is biochemically transformed 
in vivo into 5-fluoro-2'-deoxyuridylic acid. Its close 
similarity to uracil allows this fluoro derivative to be 
a successful mimetic. This biochemically altered 
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form of 5-FU. 5-fluoro-2'-deoxyuridylic acid, is ulti- 
mately responsible for the inhibition of thymidylate 
synthase, an enzyme involved in the conversion of 
uridylic acid to thymidylic acid and critical for DNA 
synthesis (Figure 1). The increased reactivity of 
5-fluoro-2'-deoxyuridylic acid relative to 2'-deoxy- 
uridylic acid is due to the inductive effect of fluorine 
which results in its covalent binding to thymidylate 
synthase. 



R 

2'-deoxyurtdy1ic add 



R 



O 



5'fluorch2*.deoxyuridylic acid 



E-SH = Thymidylate synthase 
Methyiene-THF • 5.10-MethylenetetrahydroWic Acid 



Figure 1. 

The application of the monovalent substitution of 
a fluorine atom for a hydrogen atom can also be seen 
in a more recent study with naphthyl-fused diaze- 
pines, which were employed as agonistic probes of 
the pharmacophore of benzodiazepine receptors. 
Replacement of the hydrogen with fluorine at the 
ortho position of the pendent phenyl group of either 
naphthyl-fused diazepines. as illustrated in Figure 
2. resulted in enhanced affinity and efficacy for both 
naphthyl isomers (Table 4). This greater receptor 
binding affinity could again be attributed to the 
inductive effect of the fluorine atom facilitating a 
stronger interaction with the receptor. 




Figure 2. 

Table 4. Benzodiazepine Receptor Binding Affinity 
for Na phthyl-Fused Diazepines 

compound X 



IC 50 (nM)* 



la 
lb 
2a 
2b 



H 
F 
H 
F 



1000 
260 
1000 
55 



* In vitro potency of the compound to displace l 3 Hlfluni- 
trazepani from th e benzodiazepine receptor. 

Another good illustration of this monovalent bioi- 
sosteric replacement is observed in a recent series of 
anti-inflammatory corticosteroid analogues (3. Figure 
3) 15 In this study, the topical anti-inflammatory 
activity of two pairs of structurally similar corticos- 
teroids were compared. Their relative anti-inflam- 
matory activity was normalized to fluocinolone ace- 
tonide, which was assigned a potency of 100. Table 
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OSCH 2 CI 

OCOCjHg 

■2 



Figure 3. 

Tabic 5. Biological Activities of Halomethyl 
Androstane-1 7/? -carbothionates • 

^ topical 

anti-inflammatory 
activity" 



compound 


X 


Y 


Z 


3a 


H 


F 


-CH 2 


3b 


F 


F 


«CH 2 


3c 


H 


H 


p-CH 3 


3d 


H 


F 


0-CH, 



42 
108 
27 
41 

« Topical anti -inflammatory activity was measured in mice 
by modifications of the croton oil ear assay. 16 Fluocinolonc 
acetonide served as a positive control and is assigned a relative 
potency index of 100. 

5 shows that, in the case of the pair of compounds 
possessing a 1 6- methylene substituent, the presence 
of an additional fluorine atom at the 6a position 
results in a derivative with greater activity than 3a 
or fluocinolone acetonide. With the pair of corticos- 
teroids with a 16-methyl substituent (Z = CH3). 
replacement of hydrogen with fluorine at the 9a 
position, 3d, also increased anti-inflammatory activ- 
ity relative to 3c. 

Thus, the ability of fluorine to replace hydrogen is 
an effective method of exploring the affinity of an 
agent to the target site (receptor or enzyme) by virtue 
of its greater electronegativity while other param- 
eters such as steric size and lipophilicity 17 are 
maintained. 

2. Interchange of Hydroxy! and Amino Groups 

The monovalent interchange of amino and hydroxyl 
groups is well known and has been successfully 
employed in the development of various pharmaco- 
logical agents. The similar steric size (Table 7), 
spatial arrangement, and the ability of these func- 
tional groups to act as either hydrogen bond acceptors 
or donors is likely responsible for their successful use 
as bioisosteres. 

Several medicinal agents under investigation as 
potential clinical agents carry heteroaromatic moi- 
eties. Many of these heteroaromatic compounds are 
capable of tautomerization. The prototropic tautom- 
erism of heteroaromatic compounds includes all 
agents wherein a mobile proton can move from one 
site to another within the heteroaromatic molecule. 
Figure 4 illustrates one of the more common types 
of tautomerization involving the movement of a 
proton between a cyclic nitrogen atom and a sub- 
stituent on the neighboring carbon atom within the 
ring. Tautomerism in heterocyclic molecules has 
been extensively studied. 18 In the presence of electron- 
donating atoms such as nitrogen in heterocyclic 
systems, it is known that there will be substantial 
tautomerization where a neighboring C— OH will 
tautomerize to O0, 19 In the case of a neighboring 



6 



5 



Figure 4. 

carbon containing C-NH 2 (7, Figure 4), the preferred 
tautomer is the C~ NH 2 form. 

Perhaps the best known example of classical iso- 
steric substitution of an amino for a hydroxyl group 
is illustrated by aminopterin (8b) wherein the hy- 
droxyl substituent of folic acid (8a) has been substi- 
tuted by an amino group (Figure 5). As previously 
noted, this represents a monovalent bioisosteric 
substitution at a carbon atom adjacent to a hetero- 
cyclic nitrogen atom. Thus, this bioisosteric replace- 
ment has the capability of mimicking even the 
tautomeric forms of folic acid. The similarity as well 
as the capability of the amino group to hydrogen bond 
to the enzyme are two important factors that facili- 
tate the binding of aminopterin to the enzyme dihy- 
drofolate reductase. 

8a X = OH Folic Add 
8b X = NHj Aminopterin 

Figure 5. 

Interchange of an amino group with a hydroxyl 
moiety in the case of 6,9-disubstituted purines (Table 
6) has been shown to result in the development of 
agents with similar benzodiazepine receptor binding 
activity. 20 This example further substantiates the 
ability of the amino group to mimic the hydroxyl 
group at the receptor site. In this study a series of 
6,9-disubstituted purines were tested for their ability 
to bind to the benzodiazepine receptor in rat brain 
tissue. The relative activity of the 9-{3~aminophenyl)- 
methyl derivative (9a) was compared to the 9-(3- 
hydroxyphenyl)methyl analogue (9b) (Figure 6). In 
contrast to aminopterin where a dramatic difference 
in binding affinity was observed relative to the 
normal substrate, these bioisosteric 6,9-disubstituted 



M2> 



Figure 6. 

Table 6. Benzodiazepine Receptor Binding Activity 
of Substituted 6-(Dimethylamino)-9-bcnzyl-9rt-purincs 



compound 



R 



IC50 (wM)" 



9a 
9b 



NH 2 
OH 



0.9 
1.2 



•'Concentration of compound that decreased specific binding 
of 1.5 nM pHIdiazepam to rat brain receptors by 50%. 
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purines exhibited similar activity with regard to their 
affinity for the benzodiazepine receptor. In this 
example of bioisosteric replacement, pharmacological 
activity was retained. It is important to note that 
retention of biological activity based on in vita? data 
can be critical in those instances where differences 
between bioisosteric analogues exist with regard to 
in vivo parameters which may include absorod on. 
distribution, metabolism, or elimination. \^l^fr^ s 
m ayTon ^i^^^^^yo^S^^^^^^^^^^^ 
irilMSacfl^^ 

%^^ p PmWionat examples of this bioisosteric rc- 
placement will be discussed in the next section on 
monovalent replacement of hydroxyl and thiol groups. 

3. Interchange of Hydroxyl and Thioi Groups 

The interchange of thiol for hydroxyl can be con- 
sidered as an extension of the amino-hydroxyl 
replacement and has been used extensively in me- 
dicinal chemistry. This replacement is based on the 
ability of both these functional groups to be hydrogen 
bond acceptors or donors. A classical illustration of 
this replacement being guanine (10a) and 6-thiogua- 
nine (10b. Figure 7). 21 




NH 



10a X - O Guanine 

10b X ■ S 6-Thioguanine 

Figure 7. 

As discussed in the previous section, when part of 
a heteroaromatic ring, these functional groups can 
exist in different tautomeric forms. Figure 8 il- 
lustrates the most common example wherein a mobile 
proton on a nitrogen atom in the aromatic ring can 
be transferred to the heteroatom attached to the 
adjacent carbon resulting in the different tautomers. 



13 

Figure 8. 

In the case of 6-thioguanine, the ability of this 
bioisosteric analogue to be viewed as a substrate by 
the salvage pathway associated with purine biosyn- 
thesis, allows for its transformation into 6-thiogua- 
nylic acid by hypoxanthine-guanine phosphoribosyl- 
transferase (HGPRT). However, the significance of 
this "fraudulent" nucleic acid with respect to its 
lethality to neoplasms is uncertain. 22 It is as this 
phosphoriboside that either the de no vo synthesis of 
nucleic acids is inhibited or incorporation into deoxy- 
ribonucleic acid occurs. 

In an attempt to enhance the calcium channel 
blocking capacity of certain dihydropyrimidine agents, 
a number of isosteric analogues with the general 
structure 15 (Figure 9) were synthesized. 23 Substitu- 
tion of the hydroxyl with an amino resulted in 




CH 3 ooa 




OOEt 



Figure 9, 

Table 7. Calcium Channel Blocking Activity of 



compound 


X 


van der Waal's 
radius 24 (A) 


ICso (nM) a 


15a 
15b 

15c 


«o 

-NH 
-S 


1.40 
1.50 
1.85 


140 
100 
17 


* Concentration that produced 50% inhibition and deter- 
mined for the vasorelaxant activity with potassium-depolarized 
rabbit thoracic aorta. 



analogues with similar potency. However, substitu- 
tion with the thiol resulted in enhanced potency 
(Table 7). This could be explained by the fact that 
the size of the substituents, described here as the van 
der Waal's radii, and the ability to hydrogen bond 
were the important factors influencing retention of 
activity. Therefore, replacement with the amino 
group, which has a similar size, resulted in similar 
potency. However, replacement with the sterically 
optimal thiol resulted in an analogue which was an 
order of magnitude more potent. 

The use of this replacement in the design of novel 
anti-inflammatory agents substantiates its utility as 
a monovalent bioisostere. Long term use of nonste- 
roidal anti-inflammatory drugs (NSAIDs) for the 
treatment of rheumatoid arthritis and other inflam- 
matory diseases has been associated with side effects 
such as gastrointestinal ulceration, bleeding, and 
nephrotoxicity. 25 26 With a view to designing new 
drugs with an improved safety profile, certain thia- 
zoies (16. Figure 10 and Table 8) that are dual 




Figure 10. 

Table 8. Anti-inflammatory Activity of Benzylidcne 
Derivatives in Intact Rat Basophilic Leukemia 
(RBL-1) Cells 

""^ " ~ 1C M C«M)* 



compound 



electronegativity 29 5-LO CO 



16a 
16b 
16c 



OH 

NH 2 

SH 



3.51 
2.61 
2.32 



1.4 

0.77 

0.38 



0.35 
0.39 
0.012 



" Concenu ation of the test compound causing 50% inhibition 
of 5-LO or CO formation. ^ 

inhibitors of both cyclooxygenase (CO) and 5-lipoxy- 
genase (5-LO) are being studied as potential anti- 
inflammatory agents. 27 The beneficial effects of 
NSAIDs have been attributed to the inhibition of the 
enzyme cyclooxygenase, thereby preventing produc- 
tion of pro-inflammatory prostaglandins. 28 Leuko- 
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trienes produced by the 5-lipoxygenase enzyme path- 
way may also contribute to both inflammation and 
NSAID-induced effects. Table 8 summarizes the 
concentrations of test compounds required to cause 
a 50% inhibition of 5-LO and CO formation. 

Replacement of the hydroxyl with an amino group 
resulted in more potent activity toward 5-LO while 
the potency toward CO remained the same. How- 
ever, replacement with a thiol resulted in enhanced 
potency toward both 5-LO and CO. Comparison of 
the electronegativity values of oxygen, nitrogen and 
sulphur (Table 8) suggests that this could be a factor 
that modulates the degree of inhibition of 5-LO. Size, 
however, may play a significant role with regard to 
inhibition of CO (Table 7). Thus, the thiol group may 
be a suitable and informative bioisostere for the 
amino and hydroxyl groups in several different series 
of medicinal agents by the virtue of its size, lower 
electronegativity, and ability to hydrogen bond. 

4. Fluorine and Hydroxyl Amino, or Methyl Groups as 
Replacements for Hydrogen (Grimm's Hydride 
Displacement Law) 

This monovalent group of isosteres is a result of 
the direct adaptation of Grimm's Hydride Displace- 
ment Law. The basis for the fluorine- hydrogen 
interchange and the hydroxyl -amino interchange 
was discussed previously. The existence of this 
larger group of isosteres might be attributable to a 
greater tolerance of the different physicochemical 
parameters of these functionalities within a particu- 
lar series of agents. However, in the studies outlined 
in this section, an attempt was made to correlate a 
physicochemical parameter of this group of bioisos- 
teres with the observed effect on biological activity. 

In designing agents for the treatment of cardio- 
vascular diseases, it may be beneficial to associate 
the hypotensive effects resulting from the inhibition 
of angiotensin II formation with the diuretic and 
natriuretic responses. Diuretic and natriuretic ef- 
fects can be mediated by protection of the endogenous 
atrial natriuretic peptide (ANP) from inactivation by 
inhibition of epithelial neutral endopeptidase (NEP). 
Inhibition of angiotensin II formation may be brought 
about by inhibition of endothelial angiotensin- 
converting enzyme (ACE). A series of dual metal- 
lopeptidase inhibitors have been designed on the 
basis of the characteristics of the active sites of both 
enzymes. Monovalent substitution by fluorine, hy- 
droxyl, and amino in place of hydrogen has recently 
been used in the design of these metallopeptidase 
inhibitors (Figure 1 1 , Table 9). 30 

In this study optically pure AM2-(mercaptomethyi)- 
3-phenylbutanoyl] amino acids (17) were evaluated 
as dual inhibitors of NEP and ACE. c §j^ diMTO| 
wi^te^Bs (-F, -OH, -NH2)^^^^^l©i 
&nmr^^ Law (Table 2) re- 

s^l^fjS^t^^^^p^iS'^yit was observed within 
t-russenS^^ increase in the effective 

van der Waal's radii of the isosteric substituents 
resulted in a decrease in activity (Table 9). In this 
instance, no significant alteration in preferential 
activity with either of the peptidases. ACE or NEP, 
was observed for these bioisosteres. 

The empirical approach used to advance the struc- 
ture-activity relationships with these peptidase 
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17 

Figure 11. 

Table 9. In Vitro Inhibition of NEP and ACE by 
N-[Z-(Mercaptomethyl)-3-phenyIbutanoyl] Amino 



compound 


R 


effective 
van der Waal's 
radii (A) 31 


ICso (nM) 

angiotensin 
converting neutral 
enzyme endopeptidase 


17a 


H 


1.20 


4.3 2.5 


17b 


F 


1.47 


6.9 5.9 


17c 


OH 


1.53 


7.9 9.0 


17d 


NH 2 


1.79 


12.0 16.0 



inhibitors is useful despite the fact that a more 
selective ACE inhibitor was not developed. Retention 
of activity within this series of bioisosteres permits 
an assessment of the validity of a possible correlation 
with one or more specific physicochemical param- 
eters This study, for example, did provide insight 
into structural features which were critical to their 
activity as inhibitors of these peptidases. 

Recently, several 8-substituted (^-benzyl guanines 
(18, Figure 12) were evaluated for their ability to 
inactivate the human DNA repair protein, G^-alkyl- 
guanine- DNA alkyltransferase (AGT) (Table 10). 32 
Inactivation of the human DNA repair protein Ch- 
alky lguanine-DN A alkyltransferase by exposure to 
compounds such as C^-benzylguanine leads to a 
dramatic enhancement in the cytotoxic response of 
human tumor cells and tumor xenografts to chemo- 
therapeutic drugs. This effect is principally observed 
for chemotherapeutic agents whose mechanism of 
action involves modification of DNA guanine residues 
at the. Opposition. In this study the effect of the 
interchange of NH 2 , OH, as well as CF 3 (a bioisostere 
for a methyl group based on the replacement of 
hydrogen with fluorine) on activity was assessed. 
Analogues possessing electronegative groups at the 
8-position were more effective as inactivators of AGT 
in human HT29 colon tumor cell extracts. The 
relative activities of these bioisosteres based on the 
dose required for 50% inhibition (ED 5 o) along with 
their electronegativities are outlined in Table 10. 

H 



18 



Figure 12. 

Table 10. Alkyl Guanine Transferase Inactivating 
Activity of 6- (Benzyloxy) purine Derivatives 



compound 



ED*o (wM) a 




a Effective dose required to produce 50% inactivation in HT- 
29 cells upon incubation for 4 h. 
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Again, the retention of activity within a series of 
bioisosteres provides the basis for the discovery of a 
possible correlation between pharmacological activity 
and the physicochernical properties of specific agents. 

As an extension to the above group defined by 
Grimms Hydride Displacement Law, the widespread 
use of the chlorine atom as a bioisostere has been 
observed in several different series of biologically 
active compounds. This could be attributed to the 
similarity in size between these atoms, a comparison 
of which is made in Table 1 1 . Further, there exists t 
similarity in the lipophilicity of the methyl group 
with that of chlorine which may be responsible for 
its suitability as a monovalent bioisosteric replace- 
ment. 

M(Substituted-3^p>Tidyl)-A/'-alky!thioureas (19, Fig- 
ure 13), which have been evaluated as novel potas- 
sium channel openers, 33 are among the more recent 
illustrations of the replacement of chlorine with 
isosteres from Grimm's Hydride Displacement Law 
(Table 11). Potassium channel openers cause va- 
sorelaxation in vascular smooth muscle through 
hyperpolarization of the cell membrane. There is an 
increased interest in these compounds based on their 
therapeutic potential in the treatment of cardiovas- 
cular diseases. Substitution at the 6-position with 
monovalent isosteres {-NH 2 , -CH 3 . -CI) results in 
analogues with similar biological activity. It was 
observed that substituents with similar biological 
activity had comparable effective van der Waal's radii 
(Table 11). The methyl group, which has a lower 
electronegativity, elicited a weaker pharmacological 
response, suggesting an additional correlation be- 
tween activity and a physicochernical property. 



NHCHCH3C<CH3h 



19 



Figure 13. 

Table 11. Inhibition of Spontaneous Mechanical 
Activity in Rat Portal Vein (in vitro) 



compound X 



maximum 
fall in SBP" 
(%) 



electro- 
negativity 29 



effective 
van der Waal's 
radii 31 (A) 



19a 
19b 
19c 



cw 3 " (£ 

27 



2.27 



1.80 



a Antihypertensive activity measured as maximum % fall 
in systolic blood pressure in anesthetized normotensive rat by 
iv injection. ' 
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Figure 14. 

Table 12. Thymidylate Synthase Enzyme Inhibition 
Data for Benzo [f] quinazolin- 1 (2//) -ones 

thymidylate synthase 
inhibitory activity 
compound X IC50 (mWL 




* Inhibitor concentration producing 50% inhibition and 
determined by the tritium release assay of Roberts 3 ' as 
m odified by Dcv et al. 36 

as methotrexate. Within this series, it was observed 
that hydrogen bond donors were more potent than 
the unsubstituted parent compound. These ana- 
logues, however, were less active than compact 
lipophilic groups in elevating thymidylate synthase 
inhibition. Thus, at the 9-position, optimal size and 
lipophilicity appear to be critical factors associated 
with their ability to inhibit thymidylate synthase. 

In another study aimed at designing cholinergic 
agents which would be capable of penetrating the 
central nervous system and displaying high efficacy 
at the cortical muscarinic receptors, a series of 
oxadiazole-based tertiary amines 21 (Figure 15, Table 
13) were tested. The assay used was designed to 
measure affinity and predict cortical efficacy from the 
antagonist-agonist (i.e. NMS/OXO-M) binding ratio 
in rat cortical membranes. 37 The log of this ratio has 
been shown to correlate with the ability of the ligand 
to stimulate the hydrolysis of cortical phosphatidyl- 
inositol. It is known that at least three muscarinic 
receptor subtypes ml, m3, and m5 may be capable 
of positively stimulating phosphatidylinositol hy- 
drolysis. In this series it was observed that replace- 




Table 12 lists the relative potency of a group of 
bioisosteres which act as inhibitors of thymidylate 
synthase. Each of these benzo [ f\ quinazolin- 1(2/^)- 
ones (20, Figure 14), inhibit thymidylate synthase by 
virtue of their structural relation to its cofactor. 5,10- 
methylenetetrahydrofolic acid. 34 They are, therefore, 
referred to as folate-based thymidylate synthase 
inhibitors. These analogues differ from other folate- 
based thymidylate synthase inhibitors as the absence 
of a glutamate residue suggests that they are not 
dependent upon active folate transport and poly- 
glutamyiation for activity, the two mechanisms of 
resistance that have been observed with agents such 



Figure 15. 

Table 13. In Vitro Binding Data for Substituted 
Oxadiazoles 



/C(app) QiM) 



compound 




» Displacement of | 3 H)-A/-methylscopolamine. b Displace- 
rnent of ( 3 H]oxotremorlne-M. f Ratio of A«(app) for NMS to 
/C a (app) for OXO-M. 
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merit of the methyl with the less lipophilic amino 
group resulted in an increase in this antagonist- 
agonist binding ratio. However, replacement with a 
chloro substituent which is isosteric and isolipophilic 
to the methyl group resulted in a compound which 
had lower binding affinity, but a very similar an- 
tagonist-agonist binding compared to the methyl- 
substituted analogue. . ~ ^ 

/While the .chlorine atom is often ,.. .viewed to, be j 
I isosteric and isolipophilic^ with the methyl group, it 
; , is very- often selected as a bioisosferic replacement 
[ t because of its ability to alter the metabolism! Previ- 
ous research has very effectively illustrated the 
feasibility of altering the metabolism of an agent by 
the interchange of chlorine with one of the bioiso- 
steres from Grimm's Hydride Displacement Law. 
Replacement of a chloro atom with a methyl sub- 
stituent can facilitate metabolism of a xenobiotic. 
Lipid-soluble chemicals tend to be distributed into 
adipose tissue where, unless they are metabolized, 
they tend to accumulate for long periods of time, e.g. 
DDT (22. Figure 16). The replacement of the trichlo- 
romethyl moiety with a fert-butyl group (23, Figure 
16) results in diminished persistence of this pesti- 
cide: 38 The methyl substituents provide a site which 
is susceptible to metabolic degradation. 

- ~ CHr-C-^Ha 
CH3 



CI — C— CI 

I 

a 

22 



23 



Figure 16. 



Alternatively, the addition of a chloro substituent 
can be effective in inhibiting metabolic oxidation. 
Phenobarbital (24) is metabolized by aromatic hy- 
droxylation at the para position to produce 25 (Figure 
17), which then forms a glucuronide conjugate. 
Replacement of the hydrogen at the para position 
with chlorine (26) prevents this route of metabolism. 
Thus, in this instance the chlorine atom blocks the 
metabolism of phenobarbital and thereby increases 
its duration of action. 





24 

Figure 17. 

2-(Diethylamino)ethyl benzoates (27, Figure 18), 
which are used as local anesthetics provide yet 
another example where classical bioisosteric replace- 
ment affects the observed duration of action by 
altering metabolism. 39 On the basis of the results 
outlined in Table 14, it appears that the decreased 
half-lives {t\/$ associated with those analogues having 
electron-withdrawing groups is likely associated with 
their increased susceptibility to hydrolysis. 



-COOCHzCH2N<C2H 3 )2 
27 

Figure 18. 

Table 14. Biological Half-Lives of Para-Substituted 



compound 


_ X 


°P ...... 


tjiz^ 


27b 


ochj 


^0.66^ 
-0.26 


-96.29^ 

26.75 


/27c 
28d 


cr— ~ 

__ CIsr — — 


0:23 
*~ 0.63 


-"34.94 
1.28 



5. Monovalent Substitutions Involving Chloro, Bromo, 
Thiol, and Hydroxyl Groups (Erlenmeyefs Broadened 
Classification of Grimm's Displacement Law) 

The last class of monovalent isosteres involves 
chloro, bromo, thiol, and hydroxyl group inter- 
changes. While we have already rationalized the 
hydroxyl-thiol interchanges, the classification of the 
chloro, bromo and thiol group together is based on 
their similarity in their number of peripheral elec- 
trons as defined by Erlenmeyer. Use of these mono- 
valent isosteric replacements is illustrated for certain 
C8-substituted guanosine analogues (28, Figure 19). 
To evaluate the efficacy of C8-substituted guanosine 
analogues in the enhancement of primary antibody 
response in vitro, these analogues were cultured with 
antigen and adjuvant. 40 B lymphocytes were incu- 
bated with 1.0 mM of the guanosine analogues in 
presence or absence of type 2 antigen TNP-Ficoll and 
after 3 days the cells were processed, collected, and 
then evaluated for the number of antibody-forming 
cells. The results of this study demonstrated that 
the bromo-, hydroxyl-, and thio-substituted analogues 
could stimulate polyclonal immunoglobulin secretion 
and in the presence of antigen enhanced the magni- 
tude of the anti-TNP plaque-forming cell (Anti-TNP 
PFG) antibody response to antigen TNP-Ficoll as 
summarized in Table 15. The thiol bioisostere was 
more potent as compared to the hydroxyl and the 
bromo isosteres. 



OH OH 
28 

Figure 19. 

Table 15. Enhancement of Antibody Responses of 
DBA/2 B Cells by Guanosine Analogs 







antigens: no. of anti 






TNP plaque-forming 






cells/culture 


compound 


X 


medium TNP-Ficoil 


28a 


medium 


14 8 


28b 


medium + Br analogue 


78 198 


28c 


medium -1- OH analogue 


118 200 


28d 


medium + SI I analogue 


80 296 



Dihydrotestosterone is a potent androgen known 
to be essential for male differentiation, growth, and 
function of androgen-sensitive sex organs and is 
involved in the pathophysiology of many diseases 



+ 
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such as benign prostatic hyperplasia and prostrate 
cancer. Inhibition of steroid 5a-reductase is of recent 
pharmaceutical interest in view of its role in the 
conversion of testosterone to dihydrotestosterone. 
Recent research has isolated and characterized two 
types of human 5a-rcductases. namely type I and 
type II. Therefore, a rational approach for treatment 
of these androgen-sensitive disease states can be 
envisioned by the inhibition of either one or both 
enzymes with specific inhibitors. 4-Substituted N-(\ , 1 - 
dimethylethyl)-3-oxo-4-androsten-170-carboxamide 
analogues (29, Figure 20) with hydroxy, thiol, chlo- 
rine, or bromo substituents at the 4-position were 
evaluated and found to show intermediate inhibitory 
activity on human type II 5ct-reductase activity. 41 
From the data obtained (Table 16), it could be 
inferred that the enzyme has steric and electronic 
preferences at this position, resulting in significantly 
enhanced potency for the hydroxy and chloro substi- 
tuted compounds. 



C(CHjb 




Figure 20. 

Table 16. In Vitro Inhibition of Human Type II 
Sa-Reductase of 4-Substituted JV-(l t l- 
Dimethylethyl)-3-oxo-4 -androstene-17ff-carboxamides 



compound R 



effective 
van der Waal's 
radii 31 (A) 



electro- 
negativity 29 



ICso 
(nM) 



29a 
29b 
29c 
29d 



OH 
CI 
SH 
Br 



1.53 
1.73 
1.80 
1.86 



3.51 
3.00 
2.32 
2.80 



172 
192 
437 
387 



" ICm values represent the concentration of compounds 
required to inhibit 5a-rccluc:tase activity by 50%. 

B. Divalent Isosteres 

Divalent isosteres can be classified into two sub- 
groups: (1) Those divalent bioisosteres which involve 
the interchange of atoms that are involved in a 
double bond, such as in the series; C=C, C=N, C— O, 
and C=S. And (2) those divalent isosteres where 
substitution of a different atom results in the alter- 
ation of two single bonds such as in the series; 
C-C-C. C-NH-C. C-O-C, and C-S-C. Both of 
these types of bioisosteric substitutions have been 
used extensively in the study of the structure- 
activity relationships of various pharmacologically 
active agents. 

1. Divalent Replacements Involving Double Bonds 

This subclass includes replacements such as C—S, 
C=0. C=NH. and 0=C. As we have already dis- 
cussed in the earlier sections, the presence of het- 
erocyclic systems in most of the lead compounds 
under study as medicinal agents facilitates the tau- 
tomerization of these groups. As mentioned earlier, 
for the purpose of this review, the classification of 
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such analogues as divalent bioisosteres requires the 
absence of a mobile proton which can migrate within 
the ring system. 

The replacement of 0=S with C=0 in Tolrestat 
(30a, Figure 21), an aldose reductase inhibitor cur- 
rently under study in human subjects for the treat- 
ment of diabetic neuropathy, resulted in oxo-Tolrestat 
(30b), which retained activity both in vitro and in 
vivo (Table 17). 42 



<pH;C0 2 H 



Figure 21. 

Table 17. Aldose Reductase Inhibitory Activity of 
Tolrestat and Oxo-Tolrestat 




aldose reductase Inhibition 



compound 



in vitro 1 



in vivd* 



30a 
30b 



S 
O 



94 
86 



53 
56 



- Inhibition of enzyme acUvity in partially purified bovine 
lens preparation. 6 Inhibition of galactitol accumulation in the 
sciatic ne rves of rats fed 20% galactose for 4 days. 

Another illustration of the use of this class of 
divalent isosteres is with certain novel purine nucleo- 
side analogues (31, Figure 22) that were tested in 
vivo for antiviral activity against Semliki Forest virus 
(SFV) infection in a mouse model. 43 Table 18 outlines 
the percentage of mice that survived for 21 days for 
the various bioisosteric analogues compared to the 
absence of any survivors in control infected mice. 
Replacement of the sulfur atom at C-8 with the 
oxygen or selenium atom, another well-known diva- 
lent isosteric replacement, resulted in weaker activity 
relative to the thio analogue. 



OH OH 



31 



Figure 22. 

Table 18. Activity of Guanosine Bioisosteric 
Analogues against Semliki Forest Virus 



compound 



% total survivors 



31a 
31b 
31c 



S 
O 
Se 



83(10/12) 
67 (8/12) 
58(7/12) 



2 Divalent Replacements Involving Two Single Bonds 

The second major class of divalent bioisosteres 
represents those atoms or groups which are attached 
to different substituents. As these divalent bioiso- 
steres are attached to two different substituents, the 
chemical and polar differences are less pronounced. 
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The bond angle or the conformation associated with 
the use of these divalent bioisosteres may be an 
important factor associated with retention of biologi- 
cal activity. Table 19 shows a comparison of the 
antiallergy activity and bond angles of several diva- 
lent bioisosteric substitutions which have been in- 
vestigated for a series of 4-(diarylhydroxymethyl)-l- 
[3-(aryloxy)propyHpiperidines (32. Figure 23). 44 



o 



32 

Figure 23. 

Table 19. Oral Antiallergy Activity in the Passive 
Foot Anaphylaxis Assay of Analogues Containing 
Varied Heteroatoms 

bond passive foot 
electro- angle 45 anaphylaxis 
compound X negativity 29 (deg) assay (10 mg/Kg)* 



32a 


-o- 


3.51 


108.0 


+++ 


32b 


-s- 


2.32 


112.0 


+ 


32c 


-CH 2 - 


2.27 


111.5 




32d 


-NH- 


2.61 


111.0 





* Aminophylline orally at 100 mg/kg was used as a positive 
control and assigned a biological response of (++); (-) not 
significantly different from negative control group at p < 0.05 
as determined by the Dunnett's t test; (+) activity between 
positive and negative groups; (++) activity equivalent to 
positive control group; (+++) activity greater than positive 
control group. 

These compounds were tested using the passive 
foot anaphylaxis assay which is an IgE-mediated 
model useful in the detection of compounds possess- 
ing antiallergic activity. A significant correlation 
between biological activity and electronegativity was 
observed for these analogues. 

Another illustration of divalent bioisosteric linkers 
is observed in the study of inhibitors of the nuclear 
factor of activated T cells (NF AT) -mediated tran- 
scription of ^-galactosidase." 6 T cells are essential 
components of the immune response. They are 
activated upon contact with foreign substances, or 
antigens, present on invading organisms. One of the 
earlier events that occurs after T cells recognize a 
foreign antigen is the induction of the interleukin-2 
(IL-2) gene. IL-2 is an essential autocrine growth 
factor for T cells and its appearance marks the 
commitment of the T cell toward activation. These 
activated cells release a variety of bioactive molecules 
which initiate a cascade of events which initiate an 
immune/inflammatory response. The region 257- 
286 base pairs upstream of the IL-2 structural gene 
binds to a protein, the nuclear factor of activated T 
cells-i (NFAT-1), prior to IL-2 gene transcription. 
NFAT-1 is expressed in relatively few cells besides 
T cells and is markedly upregulated upon stimulation 
of the T cell receptor. This makes it a highly specific 
target within activated T cells. When the cell is 
activated, the NFAT-1 protein binds to the DNA at 
its recognition site and induces the transcription of 
/?-galactosidase. This study evaluated, some of the 
bioisosteric analogues of quinazolinediones (33, Fig- 



Figure 24. 

Tabic 20. Regulation of NFAT-1 -Regulated 



compound 


X 


ICso fcM) 


33a 


-NH- 


4A7 


33b 


-CH 2 - 


Am 


33c 


-o- 


2.5 



ure 24) as potential immunosuppressive agents by 
their ability to inhibit ^-galactosidase expression as 
summarized in Table 20. Here again the similar 
bond angles and electronegativities (Tables 19 and 
20) of the -NH- and -CH 2 - bioisosteric linkers 
result in analogues which retain activity. In this 
study, the use of an oxygen atom as a bioisosteric 
linker, which has a marginally smaller bond angle 
and much greater electronegativity, results in an 
analogue with increased potency. 

Other divalent linkers that have been obtained as 
modifications of the above classical isosteres include 
higher oxidation states of the thioether linker result- 
ing in sulfoxide and sulfone derivatives. These types 
of replacements will be discussed in the section on 
nonclassical isosteres. 

C. Trivalent Atoms or Groups 

A classical trivalent bioisosteric replacement is 
-CH= with — This replacement has been widely 
used in the drug discovery process and has been 
further discussed among the ring equivalent class of 
classical bioisosteres. This replacement when ap- 
plied to cholesterol (34) resulted in 20,25-diazacho- 
lesterol (35 t Figure 25) which is a potent inhibitor of 
cholesterol biosynthesis. 47 The greater electronega- 
tivity of the nitrogen atom could be responsible for 
the biological activity of this bioisostere. 





35 

Figure 25, 

Another trivalent substitution based on Erlen- 
meyer's definition of the similarity in the number of 
peripheral electrons would be the replacement of 
-P= (bond angle C-P-C = 100 ± 4°) with ~As= 
(bond angle OAs-C = 96 ± 5°). 48 Arsenic is a 
classical bioisostere of nitrogen (Table 3). Arsenicals 
have received considerable attention due to their 
therapeutic significance. The oxidation of arseno 
compounds to arsenoxides is important in the bioac- 
tivation of a number of chemotherapeutic arsenicals. 
One of the first drugs used clinically was arsphe- 
namine (36, Figure 26). The activity of arsphe- 
namine against the syphilis organism was attributed 
to its oxidized metabolite oxophenarsine. However, 
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H 2 N 




'Hi 



N=N 
37 



SOjNH: 



Figure 26. 



the lack of selective toxicity associated with these 
arsenicals has led to a reduced interest in such 
replacements in current research. Analogy is drawn 
to prontosil (37. Figure 26) which is. found to be 
metabolized to p-aminobenzenesulfonamide. Pron- 
tosil is inactive against microorganisms in vitro but 
active in vivo* 

D. Tetrasubstituted Atoms 

One of the more widely used tetravalent replace- 
ments has been the interchange of a quaternary 
charged nitrogen atom with a tertiary carbon atom. 
C2-C20 acyl groups of acyl-CoAs are reversibly trans- 
ferred to the /Miydroxyl group of (/^-carnitine by 
carnitine acyltransferases. The selective inhibition 
of individual carnitine acyltransferases may be useful 
in the therapy of diabetes and heart disease. The 
determination of relative substrate specificity and the 
development of specific inhibitors for individual car- 
nitine acyltransferases lias been of considerable 
interest because of its possible therapeutic implica- 
tions. Certain simple acylcamitine analogues are 
potent carnitine acyl transferase (CAT) inhibitors. 49 
Structure-activity studies in this series have in- 
cluded the bioisosteric replacement of the hydroxyl 
group of carnitine (38) with an amino (39) and 
replacement of the tetravalent trimethylammonium 
group with a tertiary butyl group (40, Figure 27). 
Table 21 lists the similar kinetic constants that were 
obtained for these bioisosteres. 



NHz 



39 



Figure 27. 

Table 21. Rate Constants for Carnitine and Synthetic 
Analogues with Pigeon Breast Carnitine 



X 


K { (mM)° 


39 


4.0 


40 


2.6 


a K\ values were obtained 


from a plot of apparent K m vs 


[inhibitor]. 





Other tetravalent bioisosteric replacements have 
been investigated which use members of the same 
group of the periodic table (group IVB), i.e. the silicon 
or germanium atom. These atoms are also tetrava- 
lent and have similar hydrophobicity, but possess 
different electronic and steric properties from carbon. 
The ability of trimethylsityl- or trimethylgermyl- 
containing retinobenzoic acids (41, Figure 28) to 
induce differentiation of the human promyelocytic 
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leukemia cell line HL-60 to mature granulocytes was 
examined as a measure of retinoidal activity. 50 Com- 
pounds with a trimethylsilyl or trimethylgermyl 
group at the meta positions showed similar activities 
as the corresponding retinobenzoic acids with a tert- 
butyl group. Results in Table 22 summarize the 
differentiation-inducing activity observed for one 
such series of retinobenzoic acids. 



COOH 




Figure 28. 

Table 22. Differentiation-Inducing Activity of 
Trimethylsilyl- or Trimethylgermyl-Containing 
Retinoids 



compound 



R 2 



41a 
41b 
41c 



fert-butyl terr-butyl 3.6 x 10" 8 

trimethylsilyl trimethylsilyl 3.0 x 10" 8 
trimethylgermyl trimethylgermyl 4.2 x 10* 8 

fl Effective dose required to cause differentiation-inducing 
activity In 50% of human promyelocytic leukemia cells. 

A classical illustration of tetrasubstituted tsosteres 
involves replacement of the quaternary ammonium 
group in case of cholinergic agonists (42 , Figure 29) 
With the phosphonium and arsonium analogues, 51 In 
this study, it was observed that such replacements 
resulted in less potent analogues with greater toxic- 
ity. Activity was found to decrease as size of the 
onium ion increased. The decreased potency and 
greater toxicity of these higher elements has dimin- 
ished interest in replacements of this type for the 
development of direct-acting cholinergic, agonists. 

9 •?* 

CHr-c-o-CHi-CHr-iji-CHj 

Oh 

42 

CH 3 -C-0~CH 2 -CH 2 "~f-CH 3 
CHi 

43 

CH3-C-O-CI fc-CHj-/j*-CHj 
CHj 



Figure 29. 

A more recent illustration of retention of activity 
within a series of charged isosteres, as described by 
Erlenmeyer (Table 3) was observed for a series of 
a- tocopherol analogues (45, Figure 30) that were 
found to scavenge lipoperoxyl and superoxide radicals 
in vitro and accumulate in heart tissue as demon- 
strated by measurement of ex vivo inhibition of lipid 
peroxidation in mouse heart homogenates. 52 Table 
23 illustrates that all the bioisosteric analogues of 
a-tocopherol were found to elicit similar biological 
activity. 
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Figure 30. 

Table 23. In Vitro and ex Vivo Inhibition of Lipid 
Autooxldation in Mouse Heart Homogenate 



compound 



in vitro" 
ICso (mM) 



ex vivd 3 
IDso («M/kg) 



ICso/lDsa 



45a 
45b 
45c 



-N + (CH,)3 
-P + (CH 3 ) 3 

-S + (CHdi 



19 
10 
7 



11 
8 
6 



1.7 

1.3 
1.3 



» Concentration that inhibits thiobarbituric acid reactive 
substances (TBARS) formation by 50%. "Dose that inhibits 
TBAKS formation by 50 % 1 h after sc administration. 

E. Ring Equivalents 

Ring equivalent bioisosteres represent the final 
subclass of classical bioisosteres that will be re- 
viewed. Classical isosteric substitutions when ap- 
plied within ring systems result in different hetero- 
cyclic analogues which can be effective bioisosteres. 
The use of the classical bioisosteres benzene, thio- 
phene, and pyridine resulted in analogues with 
retention of biological activity within different series 
of pharmacological agents. One of the successful uses 
of this replacement resulted in the potent antihista- 
mine mepyramine (47, Figure 31) which evolved by 
the replacement of the phenyl moiety in antegran 
(46) by a pyridyl group. 



CH 2 -N(CH 3 )2 



46 X ss CH ,RsH Antcrgan 
47 X = N , R =OCH 3 Mepyramine 

Figure 31. 

Substitution of benzene by pyridine also improved 
activity in the tricyclic antihistamines [promethazine 
(48a) and isothipendyl (48b)] and neuroleptics [pro- 
mazine (48c) and prothipendyl (48d)] (Figure 32) and 
resulted in a reduction of both sedative and extrapy- 
ramidal effects. In reviewing some more recent 
studies, this subclass of bioisosteres will be divided 
into (1) divalent ring equivalents and (2) trivalent 
ring equivalents. 



i 

48a Y=CH,CH(CHj)N(CHj)2 X.-CH 
48b Y « CH 2 CH{CHj)N(CH 3 ) 2 X = N. 
48c Y « CH 2 CH 2 CH 2 N(CH 3 ) 2 X = CH 
48d Y=CH 2 CH 2 CH 2 N(CH 3 > 2 X=>N 

Figure 32. 

f. Divalent Ring Equivalents 

Some of these heterocyclic rings obtained by the 
replacement of a heterpatom within different ring 
systems will be discussed among the nonclassical 
category of bioisosteres on the basis of their ability 
to mimic the spatial conformation of certain other 
functional groups. 



A copper-containing monooxygenase, dopamine 
/^-hydroxylase, present in a variety of mammalian 
tissues, catalyses the benzylic hydroxylation of dopa- 
mine. Since dopamine /^-hydroxylase plays an irn^ 
portant role in the biosynthetic production of nor- 
adrenaline, it could be a target for the design of 
inhibitors as potential therapeutic agents for the 
modulation of adrenergic activity in vivo, Isosteric 
divalent ring replacements as obtained from Grimm's 
Hydride Displacement Law (Table 2) resulted in 
retention of activity within a series of indane deriva- 
tives (49. Figure 33) evaluated as inhibitors of 
dopamine /^hydroxylase 53 (Table 24). 



CH,XD>X 



49 



Figure 33. 

Table 24. Kinetic Inhibition Parameters for 
Dopamine /^Hydr oxylase by Indan Derivatives 

compound X Kj (mM) a 



49a 
49b 
49c 



-Clh- 

-O- 

-NH- 



1.12 
0.65 
0.4 



* Apparent binding constant K\ estimated by plotting l/*ot» 
as a function of 1/(1). 

The applicability of divalent ring-equivalent iso- 
steres has also been demonstrated in other five- and 
seven-membcred ring systems. The search for novel 
cardiotonic agents resulted in the successful develop- 
ment of two clinically useful agents, amrinone 54 (50) 
and milrinone 55 (51) (Figure 34). It is known that 
the positive vasodilatory actions of amrinone and 
milrinone are related to the inhibition of adenosine 
3\5'-cyclic phosphate phosphodiesterase III (cAMP 
PDE III). 

During SAR studies on amrinone (50), it was 
observed that a free amino group was not necessary 
for in vitro cAMP PDE III activity. 56 This prompted 
the design and synthesis of analogues with general 
structure 52. 57 Table 25 summarizes the in vitro 
cAMP PDE III activity of the divalent ring-equivalent 




so 



si 



52 



Figure 34. 

Tabic 25. In Vitro cAMP PDE III Activity of 

Ring-Equivalent Bioisosteres of 

5 (4 Pyrldinyl)benzoxazol-2(3//)-one 

" _ cAMP PDE III 

X ICso fcM)* 



compound 



50 

51 

52a 

52b 

52c 

52d 



amrinone 

milrinone 

-O- 

-CH 2 - 

-NH- 



28 
0.36 
9.8 
5.3 
1.3 
0.54 



a Concentration required to cause 50% inhibition of cAMP 
PDE III in vitro. 



Bioisosterism: A Rational Approach in Drug Design 

isostercs that were evaluated in this study. No clear 
correlation with physicochemical parameters could 
be extrapolated from this series. However, cAMP 
PDE inhibitory activity was retained by all the 
bioisosteric analogues of this series. 

Divalent isosteric ring substitutions of the pyrazino- 
[2,l-a]|21benzazeptne system (53, Figure 35) resulted 
in derivatives containing different heterocyclic sys- 
tems. All these bioisosteres exhibited anthelmintic 
activity. 58 Table 26 shows a relative comparison of 
the MIC values of the various divalent isosteres. 
Replacement of the methylene with a sulfur or 
oxygen atom resulted in analogues with decreased 
potency relative to the carbocyclic analogue. 




Figure 35. 

Table 26. Anthelmintic Potency of Derivatives of the 
Pyrazino [2, l-a]|2] benzazepine System 



compound 



minimum inhibitory 
concentration." 
Taenia crassicefjs 



53a 
53b 
53c 



-CH 2 - 

-O- 

-S- 



+++ 



* Concentration required to prevent all movement of cysts 
and evaginated scoleces: ++++ = MIC < 0.1 fig/mU +++ = 
0.1 ^g/mL < MIC < 1.0^ig/mL: -H- = 1.0/<g/mL < MIC < 10 
/<g/mL; + = MIC > 10 fig/ml. 

Replacements using selenium have been less com- 
monly used as a divalent ring equivalent. However 
ring substitution of -Se- has frequently resulted in 
retention of their respective biological activities. 
Replacement with selenium has been shown to 
introduce a potential risk of toxicity. Substitution 
with the different divalent isosteres including sele- 
nium in a novel class of cardiotonic agents 54 (Figure 
36 and Table 27) resulted in retention of activity. 59 




Figure 36. 






Table 27. Biochemical Properties of Heterocyclic 


Indolones 






compound 


X 


ICso" (wM) 


54a 


-NH- 


0.17 


54b 


-CH 2 - 


0.24 


54c 


-s- 


0.33 


54d 


-Se- 


0.54 


54e 


-o- 


0.96 



"Concentration required to produce 50% inhibition of the 
sarcoplasmic reticulum bound low/Cn cAMP phosphodi- 
esterase (SR-PDE). 
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The inhibition of cardiac phosphodiesterase, which 
is related to the development of cardiotonic agents, 
was assessed on the canine cardiac sarcoplasmic 
reticulum-bound, cGMP-inhibited, high-affinity cAMP- 
PDE (SR-PDE). Table 27 shows a comparison of the 
inhibition of phosphodiesterase (PDE) by the various 
divalent bioisosteric ring substitutions. 

C-Glycosyl nucleosides which are analogues of 
nicotinamide nucleoside are expected to be converted 
to the analogues of NAD coenzyme and to inhibit 
NAD-dependent inosine monophosphate dehydroge- 
nase (IMPD). Inhibition of this enzyme produces the 
accumulation of IMP and the depletion of guanine 
nucleotides, which is linked to DNA synthesis inhibi- 
tion. Both 2-/5-D-ribofuranosylthiazole-4-carboxamide 
(tiazofurin, 55b) and 2-^D-ribofuranosylselenazole- 
4-carboxamide (selenazofurin, 55c) (Figure 37) are 
metabolized to analogues of NAD and have pro- 
nounced antitumor activity in animals and broad 
spectrum antiviral activity. 60 Selenazofurin is about 
10 times more active than tiazofurin with a similar 
spectrum of antitumor activity (Table 28). 

Xv 




Figure 37. 

Table 28. Bioisosteres of 2 -0-D-Ribofuranosyl- 
4-carboxamides 



compound 



antitumor 
agent 



relative activity. 



55a -O- oxazofurin inactive 

55b -S- tiazofurin 1.0 

55c -Se- selenazofurin 0.1 

° Estimated relative potency against P388 and LI 210 lcu- 
kemias. Inactive until a maximum tested concentration of 4 
x 1Q- 3 M. 

Replacement with oxygen in 2-0-D-ribofuranosyl- 
thiazole-4-carboxamide (tiazofurin) resulted in 2-fi- 
D-ribofuranosyloxazole-4-carboxamide (oxazofurin, 
55a). Oxazofurin lost the ability to inhibit the growth 
of P388 and LI 210 murine leukemia and HL 60 
human promylelocytic leukemia. 61 This may be 
attributed to the lower basicity of the oxazole moiety 
compared to that of the thiazole moiety of tiazo- 
furin. 62 

2. Trivalent Ring Equivalents 

The trivalent substitution of — CH=* with — N= is 
commonly used in modern drug design. Trivalent 
ring substitution of -CH= with -N= in the anti- 
bacterial agent norfloxacin (56a) resulted in enoxacin 
(56b, Figure 38) which is also in clinical use for its 
antibacterial activity 63 (Table 29). 

o 

56 

Figure 38. 
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Table 29. Isosteres of Clinically Significant 



Quinolone Antibacterials 



compound 


X 


antlbacterial agent 


56a 


-CH- 


norfloxacin 


5Gb 


-N- 


cnoxacin 



Another example of such a replacement is il- 
lustrated for the (benzothiazolylbenzyl)phosphoriate 
derivatives (57, Figure 39) which retained vasodila- 
tory activity. 64 Table 30 outlines the percent increase 
in coronary flow obtained by replacement of the 
benzene ring with pyridine. 

57 

Figure 39. 

Table 30. Effect of Phosphonates on Coronary Flow 
of Isolated Guinea Pig Heart 



maximum increase in 
com pound X coronary flow* (%) 

57a -CH- 79.9 

57b -N- 94.0 



a Langendorff s method in isolated guinea pig heart. 



Pilocarpine (58, Figure 40) is widely employed as 
a topical miotic for controlling the elevated intraocu- 
lar pressure associated with glaucoma. The duration 
of lowering of intraocular pressure by pilocarpine 
lasts only for about 3 h. This short duration of action 
is mainly due to the hydrolytic cleavage of the lactone 
ring, resulting in the formation of pilocarpic acid and 
rapid elimination and/or epimerization to form iso- 
piiocarpine. 65 In an attempt to study the influence 
of the carbamate nitrogen on physiological properties, 
certain carbamate analogues corresponding to pilo- 
carpine were synthesized and evaluated. 06 Replace- 
ment of the carbon atom on the oxazolidinone ring 
with nitrogen resulted in the carbamate analogue 59 
which was equipotent with pilocarpine (ED 5 o = 1 
fM). This analogue bypasses the problem associated 
epimerization as observed in the case of pilocarpine. 
In addition, this cyclic carbamate would be expected 
to be less susceptible to hydrolysis than the lactone 
in pilocarpine. 

58 59 

Figure 40. 

A more recent illustration of this replacement was 
observed in the evaluation of terbenzimidazoles as 
topoisomerase I inhibitors. 67 DNA topoisomerases 
are nuclear enzymes that control and modify the 
topological states of DNA by catalyzing the concerted 
breaking and rejoining of DNA strands. 68 Topo- 
isomerases represent effective pharmacological tar- 
gets for the development of cancer chemotherapeu- 
tics. Replacement of the phenyl (60a) with 2-pyridyl 
(60b), 3-pyridyl (60c), and 4-pyrldyl (60d) resulted 
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60 

Figure 41. 

Table 31. Topoisomerase I -Mediated DNA Cleavage 
and Cytotoxi city of Terbenzimidazoles 

Topo I -mediated cytotoxicity ICso 
compound X DNA cleavage* (pM) RPMI 8402 

60a phenyl 2 0.09 

60b 2-pyridyl 3.3 0.16 

60c 3-pyridyl 2 0.035 

60d 4-pyridyl 2 0.035 

* Topoisomerase I cleavage values are reported as RF.C, 
relative effective concentration, i.e., concentrations relative to 
Hoechst 33342, whose value is arbitrarily assumed as 1. that 
are able to produce the same cleavage on the plasmid DNA in 
the presence of calf thymus topoisomerase I. 

in retention of cytotoxicity and topoisomerase I 
inhibitory activity (Figure 41. Table 31). 

///. Nonclassical Bioisosteres 

This major class of isosteres includes all those 
replacements that are not defined by the classical 
definitions of bioisosteres. These isosteres are ca- 
pable of maintaining similar biological activity by 
mimicking the spatial arrangement, electronic prop- 
erties, or some other physicochemical property of the 
molecule or functional group that is critical for 
retention of biological activity. 

A. Cyclic vs Noncyclic Nonclassical Bioisosteric 
Replacements 

This subclass includes all those nonclassical re- 
placements wherein a noncyclic functional moiety 
mimics a cyclic group sterically or electronically 
resulting in retention of biological activity. Com- 
parison of the various structural analogues of estra- 
diol is a classical illustration of this phenomena. Here 
the ability of the structure to hold the critical 
functionality in a particular spatial configuration was 
essential for activity. It was found that the central 
bond of diethylstilbestrol (2, Figure 43) was impor- 
tant for the correct orientation of the phenolic and 
ethyl groups for binding to the estrogenic receptor. 09 
This is evidenced by the observation that the cis 
isomer of 2 is only Vh as active as the trans isomer. 70 
Structurally or conformationally rigid analogues 
(compounds 2-4) were equipotent as estradiol (1, 
Figure 43) when injected. Nonrigid analogues (com- 
pounds 5-7), however, were found to have little or 
no estrogenic activity. 71 - 72 

This concept was extended by the use of the 
methyleneaminoxy methyl moiety (C^NOCHz. 
MAOMM) (Figure 42) as a bioisostere of aryl and 
other aromatic groups. 

€H CH 
►i 

Figure 42. 
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Estradiol <J> 



DietiiybiUbcstroI (2) 



Dfeodtrol (3) 



l,6.bis<p.bydn«y P hfnjl)b e xaii.(5) i^to-lp-bydroxyphenyDbexttt (6) l^b^Z-^hyl^jrdroxypWJnh-ae (7) 



llexestrol (4) 



Figure 43. 

Various studies associated with the development 
of ^-adrenergic drugs have supported the utility of 
this nonclassicai bioisostere. 73 ~ 75 Chemically syn- 
thesized analogues of biological catecholamines were 
among the first agents used to interact with ^-ad- 
renergic receptor sites. Analogues of the biological 
catecholamines often incorporated within their gen- 
eral structure a l-phenyl-2-aminoethanol moiety (8, 
Figure 44). Closely related to these agents is a series 
of the l-(aryloxy)-3-amino-2-propanol derivatives (9, 
Figure 44) which are /3-adrenergic antagonists. 76-77 
With regard to these adrenergic drugs, it has been 
observed that the aminoethanol portion, -CH(OH)- 
CH 2 NHR is present in both agonists and antagonists. 
Thus, it could be inferred from these data that this 
portion of these drug molecules plays a significant 
role in the ability of these compounds to bind with 
the receptor. On the other hand, it has been observed 
that the nature of the aromatic nucleus can signifi- 
cantly influence their agonistic or antagonistic prop- 
erties. Results from theoretical studies 78 79 noted that 
the C3-O2-C4-C5 moiety of the class B type of 
^-blocking adrenergic drugs (9, Figure 44). can 
electronically and sterically simulate a portion of the 
aromatic ring. Data from these studies showed that 
the electronic distribution (based on the trend of the 
electrostatic molecular potential. EMP) generated by 
the C3-O2-C4-C5 was similar to that generated by 
the aromatic ring of antagonists such as 9. This 
suggested that the electronic distribution essential 
for interaction with the /3-adrenergic receptor may 
not require an aromatic ring. 



> — , oh nhr v v. 



'oh nhr 

CHr^H-CHz 



OH NHR 
CHjr-CH-CHa 



N-O, 



Figure 44. 

These results led to the development of the ali- 
phatic oxime ether derivatives (10, Figure 44) which 
showed marked and competitive antagonism at the 
^-adrenoceptors in vitro in pharmacological tests. 
This success led to the application of this bioisosteric 
replacement to other categories of drugs. One such 
application has been its use in the aryl acetic acids 
which are one of the most widely developed and 
investigated class of anti-inn ammatory agents. Agents 



in this class include ibufenac (11), aclofenac (12), and 
diclofenac (13) which are widely used clinically 
(Figure 45). 



12 



COOH 



13 

Figure 45. 

Several 0-arninooxypropionic acids were evaluated 
as analogues of arylacetic acids wherein the aryl 
moiety was substituted by MAOMM 80 Of the vari- 
ous analogues evaluated, the (£)~3-[(benzylideneami- 
no)oxy)propionic acid (14, Figure 46) showed similar 
potency to that of diclofenac (Table 32). The results 
of the conformational studies performed confirmed 
the existence of bioisosterism, at least from a steric 
point of view. Although the EMP trend, a measure 
of the electronic distribution, calculated for one of the 
/?-aminooxypropionic acids and ibufenac showed that 
the MAOMM had a similar reactivity to that of the 
aryl moiety of ibufenac, it was observed in additional 
studies that this EMP trend was not essential for 
anti-inflammatory activity. 



Or 



COOH 

< y 

N-0 



14 



Figure 46. 

Table 32. Pharmacological Data of 
/?-Amfnooxypropionic Acid Derivatives 



compound 



% inhibition in the 
carrageenan paw edema assay 



13 (Diclofenac) 

14 (£)-3-{(bcnzylidene- 
amino)oxy)propionic acid 



67 

66 



Further, as an extension to these studies, certain 
0-aminooxypropionyl penicillins and cephalosporin 
analogues were synthesized and evaluated for their 
antimicrobial properties. 81 It has been recognized 
that changes on the side chain linked to the /Mactam 
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nucleus of /Mactam antibiotics exert an influence on 
acid stability, resistance to enzyme inactivation, 
potency, and the spectrum of antimicrobial activity. 
It is observed among classical /Mactam antibiotics 
that those compounds widely used in therapeutic 
practice, such as ampicillin, cefalexin, and penicillin 
G (15), all have side chains of an acetamido type, 
substituted with an aromatic or a heteroaromatic 
ring. 

A comparison of the MIC values outlined in Table 
33 shows that replacement of the phenyl group of 
penicillin G (15) with a ^-aminooxypropionyl group 
(16, Figure 47) results in retention of biological 
activity. The potency against both Gram-positive and 
Gram-negative bacteria, however, was reduced by 
approximately 5096. 




16 



Figure 47. 



Table 33. Minimum Inhibitory Concentration (MIC) 
of /?>Aminooxypropiony1 Penicillins 





MIC fog/mL) 




Cram- positive 


Gram-negative 


compound 


bacteria 


bacteria 


15 


0.05 


71 


16 


0.10 


136 



Another recent application of this replacement has 
been documented for the morpholine class of antide- 
pressants. 82 In this study, 2-[(methyleneamino)oxy]- 
methyl morpholines (18. Figure 48) were synthesized 
as analogues of viloxazine (17). Here the (aryloxy)- 
methyl group of viloxazine is substituted by a [(meth- 
yieneamino)oxy]methyl moiety (MAOMM). In vivo 
and in vitro tests showed that some of these mor- 
pholine derivatives possess a pharmacological profile 
similar to that of viloxazine (17). 

A h 

17 1« 

Figure 48. 

These earlier studies have shown that the [(meth- 
yleneamino)oxy]methyl moiety is a suitable bioiso- 
stere for the aryl moiety. It was noted however, that 
the carbon of the -CH 2 - linked to the oxygen (20. 
Figure 49) is of different hybridization (sp 3 ) than the 
corresponding aryl carbon (19, Figure 49) which is 
sp 2 hybridized. Further, in its preferred conforma- 
tion, the unsaturated portion (C^N) of the MAOMM, 
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is situated spatially in an area which does not exactly 
correspond to the area occupied by the aryl group. 
An attempt to optimize these differences resulted in 
the formal inversion of the atomic sequence C=NOCH2 
of the MAOMM (20, Figure 49) which lead to a 
different bioisostere, the [(methyloxy)imino] methyl 
moiety (CH 2 ON=C, MOIMM) (21. Figure 49). 83 This 
moiety, in the E configuration, presents greater steric 
and electronic analogies to an aryl group as compared 
to MAOMM by virtue of similarities in hybridization 
and geometry. 

ffY lY r"'V 

£yO C^.n 

19 20 21 

Figure 49. 

This similarity explains the retention of /^-adren- 
ergic binding affinity and activity (Table 34) on 
replacement of the MAOMM (22, Figure 50) with 
MOIMM (23, Figure 50). Results from the confor- 
mational studies and an analysis of molecular elec- 
trostatic potentials have shown a high degree of 
homology between these pharmacophore groups and 
no significant differences in the chemical reactivity. 
Applications of this replacement (MOIMM) beyond 
this class of drugs have not yet been reported. 




Figure 50. 

Table 34. /J-Adrenergic Activity and Radioligand 
Binding Affinity of MOIMM and MAOMM as 
Bloisoste rlc Replacements 

^-adrenergic binding ^-adrenergic activity** 
compound affinity 0 K t (nM) -log IC» 

22 1480 4.52 

23 1040 4.91 

-Adrenergic binding affinity was measured using rat 
cortical membranes. b Isolated guinea pig atria was used to 
determine fr -adrencrglc activity. 

A number of medicinal agents in clinical use 
contain an ester moiety as part of the molecule. The 
distribution of esterases in the body is ubiquitous and 
several types can be found in the blood, liver, and 
other organs and tissues. In many instances, the 
prevalence of these esterases causes these molecules 
to be highly labile in vivo, Bioisosteres of the ester 
moiety have been developed wherein such substitu- 
tion can lead to an increase in the hydrolytic stability 
of the drug. One such replacement of the ester group 
is a heterocycle. The use of a ring in place of a 
noncyclic moiety is a common approach used to 
increase structural rigidity. When applied to ester 
moieties, such bioisosteric replacements can provide 
additional insights into the structural requirements 
of a specific receptor as well as result in the develop- 
ment of analogues with greater stability. 

The role of the neuropeptide substance P in the 
endogenous response to pain and inflammation has 
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received considerable attention in recent years. These 
observations have suggested that suitable substance 
P receptor antagonists (NKj antagonists) may be of 
therapeutic use in the treatment of several clinical 
conditions including arthritis, migraine, postopera- 
tive pain, and nausea. (5) -Tryptophan benzyl esters 
such as L-732.138 (24. Figure 51) represent a new 
structural class of potent and selective NKi antago- 
nists. 84 In this molecule the ester linkage is known 
to contribute significantly to receptor binding, pre- 
sumably via hydrogen bonding. 85 



Receptor 





24, L-732,138 

Figure 51. 

A series of analogues in which 6-membered het- 
erocyclic rings served as bioisosteric replacements for 
the ester linkage have been evaluated with the intent 
of improving their in vivo stability 86 Although 
replacement of the ester by various substituted 
piperazines (25, Figure 52) and a variety of five- 
membered ring heterocycles (26-30) resulted in a 
loss of binding affinity (Table 35), the oxazolidinedi- 
one moiety (31, Figure 52) was identified as a useful 
bioisostere for the ester linkage and had the greatest 
potency with respect to NKi binding affinity. This 
analogue, however was less active than L-732.138 
(24). 

-af *- v 
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Figure 52. 

Table 35. NKi Antagonist Activity of Five- and 
Six-Membered Ring Heterocyclic Templates 



bioisosteric ring 
(Figure 52) 



human NKi receptor 
binding affinity* (nM) 



24 (L-732.138) 

25 

26 

27 

28 

29 

30 

31 



NH 

yv-cH 3 

A/-CONHCHa 

CH 2 

O 



2.5 
4333 
317 
153 
63 
203 
22 
11 



* Human NKi receptor binding affinity measured by dis- 
piacc mcnt of ( lzs I]Tyr8-substance P. 

Although this study failed to identify a more potent 
bioisostere because of the inability to attain optimal 
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binding geometry, presumably the rings listed in 
Figure 52 could represent useful bioisosteric replace- 
ments for an ester moiety within another series of 
compounds. Unlike the ester moiety, these bioiso- 
steres would not be subject in vivo to the action of 
esterases. 

Another area in which bioisosteric replacements for 
the ester moiety have been investigated is in the 
design of centrally active muscarinic agents based on 
arecoline (32, Figure 53). Replacement of the ester 
group with either 3-alkyl-l,2,4-thiadiazoles (33) or 
3-alkyM,2,4-oxadiazoles (34) have produced very 
potent muscarinic agonists. 87 " 92 Systematic removal 
of the heteroatoms in 3-methyl-l,2,4-oxadiazole gives 
isoxazoles and furans (35-37) with a decrease in 
affinity for the binding site. Thus, the electronic 
effects associated with these heterocyclic rings appear 
to be essential for muscarinic activity. 



Oh 
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Figure 53. 

Certain other conformationally restricted com- 
pounds based on the bioisosteric replacement of the 
methyl ester groups with the 3-alkoxyisoxazoles (38) 
and the 3-alkoxyisothiazoles (39) (Figure 54) have 
also been found to result in muscarinic agonists with 
activity similar to arecoline 93 ~ 9/| 





Figure 54. 

On the basis of the structural resemblance of the 
1,2,5-oxadiazoles and the 1,2,5-thiadiazoles with the 
3-alkoxyisoxazoles (38) and the 3-alkoxyisothiazoles 
(39), several 1.2.5-oxadiazole (40. Figure 55) and 
1.2.5-thiadiazole (41. Figure 55) analogues have been 
evaluated in vitro and found to be selective Mi 
muscarinic agonists. 95 Recently a series of arecoline 
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Figure 55. 
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bioisosteres, where the ester group was replaced by 
a l,2,3«triazoi-4-yl (42) or a tetrazol-5-yl group (43), 
has been evaluated in vitro for affinity and efficacy 
at the muscarinic receptors and in vivo for cholinergic 
side effects. 96 The structure- activity relationships 
within these series are similar. Two compounds 
exihibited activity as Mi agonists/M 2 antagonists, a 
profile of particular interest for drugs in the treat- 
ment in Alzheimer's disease. Further optimization 
showed that the position of the substituent in the 
1,2,3-triazole or tetrazole ring has a significant 
influence on the affinity for muscarinic receptors. The 

2- alkyl derivatives exerted high affinity, while I- and 

3- alkyl substituents resulted in analogues with very 
low affinity for the muscarinic recptors. This ex- 
ample clearly demonstrates the effective use of 
nonclassical bioisosterism in the development of new 
drugs which are significantly different from the lead 
compound. 

Modulators of the central neurotransmitter GABA 
represent another class of compounds in which this 
concept ofcyclic and noncyclic bioisosteres has played 
a major role. 4-Aminobutanoic acid (GABA, 44, 
Figure 56) is the major inhibitory neurotransmitter 
in the mammalian central nervous system. This 
neurotransmitter functions at GABA A . GABAd, and 
probably GABA C receptors. 97 " 99 In order to pharma- 
cologically characterize these receptors, a number of 
GABAa agonists bioisosterically derived from GABA, 
such as muscimol (45, Figure 56), 100 ~ 101 thiomuscimol 
(46, Figure 56), 101 and the much weaker GABA A 
agonist, isomuscimol (47, Figure 56), 101 have been 
developed. The establishment of specific GABA A 
agonists is of major therapeutic importance. It is 
anticipated that such research may represent the 
initial steps in the development of new types of 
antiepileptics, analgesics, and memory-improving 
drugs. The success of bioisosteric modifications in 
the development of GABA agonists is dependent on 
the ability of these receptors to tolerate bioisosteric 
modifications. Minor structural modifications in 
these agonistic molecules has frequently resulted in 
a marked or complete loss of activity. 102 ' 103 

OH 

44 

OH OH OH 

HiN Ui ,,jN s^i * N U> 

45 46 47 

Figure 56. 

The bioisosteric bicyclic analogues of these com- 
pounds, 4,5,6, 7-tetrahydroisoxazolo(5,4-c|pyridin-3- 
ol (THIP, 48, Figure 57), m m 4,5,6,7-tetrahydroisothi- 
azolo|5,4-c)pyridin-3-ol (thio-THIP, 49, Figure 57), 105 
and 4,5,6,7-tetxaisoxazolo[3,4-c]pyridin-3-ol (iso-THIP, 
50, Figure 57), 106 as well as isoguvacine (51, Figure 
57) 101.104 an(J isonipecotic acid (52, Figure 57), 104 have 
been characterized as GABA A receptor ligands. 

A further extension of the series of GABA A agonists 
described above led to another bicyclic series. On the 



"C$ <X} m -C> 

48 49 50 

OH f . OH 

«CH> H Oi> 

Si 52 

Figure 57. 

basis of the lead that 5-(4-piperidyl)isoxazol-3-ol (4- 
PIOL, 53, Figure 58) is a specific low-efficacy partial 
GABA A agonist , ,07 ~ 109 several additional analogues 
of 53 were synthesized. The SARs for the 4-PIOL 
analogues showed no conspicuous relationships be- 
tween' pK a values, receptor affinity, and agonist 
efficacy. 110 




56 57 



Figure 58. 

Although these bioisosteric replacements did not 
provide an analogue with substantially greater po- 
tency, these studies helped characterize several 
chemically distinct GABA A agonists which exhibited 
a range of efficacies. These bioisosteric replacements 
did provide insight into the spatial geometry required 
for these agents to maintain their specificity for a 
given pharmacological target. 

The concept ofcyclic and noncyclic bioisosteres has 
also been successfully applied to the development of 
several peptidomimetics. One of the most important 
aspects in the development of potent bioactive pep- 
tides and peptidomimetics is the process of elucidat- 
ing the active conformation of the peptide. Advances 
in molecular biology have led to the identification and 
characterization of different subtypes of the same 
receptor, each of which are now known to be related 
to different physiological phenomena. The ability of 
a peptide to bind to a specific receptor subtype may 
require a particular conformation of the peptide. For 
this purpose, constrained peptidomimetics based on 
cyclic structures, constrained amino acids, and mi- 
metics of peptide secondary structures have been 
used in efforts to duplicate the conformation that will 
bind to the specific receptor subtype and elicit a 
specific physiologic effect. 

The tripeptide Pro-Leu-Gly-NH 2 (PLG, 58) selec- 
tively enhances the binding of dopamine receptor 
agonists to dopamine receptors in the mammalian 
central nervous system. 111 " 113 Several lactam ana- 
logues 59, where X was varied to give different sized 
or functionalized lactam rings, were synthesized and 
found to enhance the binding of the agonist 2-amino- 
6,7-dihydroxy-l ,2,3,4-tetrahydronaphthalene (ADTN) 
to dopamine receptors. 114115 On the basis of this 
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study it was postulated that the bioactive conforma- 
tion of PLG is a type-II /?-turn. In order to test this 
hypothesis conformational^ restricted bicyclic thia- 
zolidine lactams (60, 61, Figure 59), that restrict the 
torsion angles to values which are close to those of 
an ideal type-II /?-turn, were synthesized and were 
more effective than PLG in enhancing the binding 
of the dopamine receptor agonist ADTN to dopamine 
receptors. 116 

This example demonstrates how cyclic bioisosteres 
could be used in place of noricyclic structures in 
peptides to restrict the torsion angles and evaluate 
the bioactive conformation essential for physiological 
activity. 



r-f*o H ' h r\ 0 H H H 

58 59 60X = CHj 

61X = CH,CHj 

Figure 59. 

B. Nonciassical Bioisosteric Replacements of 
Functional Groups 

In this section possible nonciassical bioisosteric 
replacements for different functional groups will be 
discussed. As can be the case for any bioisostere, not 
all of these replacements will necessarily result in a 
compound with comparable biological activity to the 
template drug. However, in those instances where 
such replacements have resulted in retention of 
biological activity, the examples as outlined in this 
section may encourage the use of these isosteres in 
future structure activity studies. 

1. Hydroxy! Group Bioisosteres 

Nonciassical bioisosteres for phenolic hydroxyl 
groups generally do not resemble this functional 
group in terms of size or potential as a strong 
electron-donating group. Several nonciassical bio- 
isosteres for the phenolic hydroxyl group are listed 
in Table 36. Molar refractivity is an index of relative 
size. While the hydroxymethyl bioisostere most 
closely approximates the size of the phenolic hydroxyl 
group, it remains significantly different. In terms of 
these nonciassical bioisosteres, only the urea bio- 
isostere is an electron-donating substituent. Thus, 
these nonciassical bioisosteres are unlikely to be 
suitable in those instances where biological activity 
is adversely affected by increased molecular size or 
is strongly dependent on electronic parameters. 
These nonciassical bioisosteres tend to be most ef- 

Table 36. Aromatic Substituent Constants for 
Hydroxyl Group Bioisosteres 117 



bioisosteres 



MR 



OH 

CW 2 OH 

NHCONHz 

NHCOCHa 

NHS0 2 CH 3 

NMCN 



-0.37 
0.00 

-0.24 
0.00 
0.03 
0.06 



-0.67 
-1.03 
-1.30 
-0.97 
-1.18 
-0.26 



2.85 
7.19 
13.72 
14.93 
18.17 
10.14 
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fectivc, in those instances where the role of the 
phenolic hydroxyl group is to act as either a hydrogen 
bond acceptor or donor. Such bioisosteres are also 
effective when moderate hydrophilicity is correlated 
with improved biological activity. 

A widely used nonciassical bioisosteric replacement 
for the hydroxyl group is the alkylsulfonamido group. 
The acidity of the exchangeable proton of the phenolic 
hydroxyl group and an alkylsulfonamide is compa- 
rable. Further, the -N-H portion of the sulfonamide 
is able to align itself, in relation to the receptor, in a 
manner closely approximating the phenyl -O-H 
grouping (Figure 60). An illustration of the success- 
ful use of this replacement is in its use in a series of 
compounds that possess a similar biological profile 
to that of structurally related phenolic ethanol- 
amines. 118 



\/— chohch 2 nhch 3 



t 



)HCH 2 NHCH 3 



Recede* 



Recepioi 

Figure 60. 

Notable examples of jS-adrenoceptor agonists in 
which a 3-hydroxyl group has been replaced with 
bioisosteric groups (Figure 61) include albuterol (63, 
3-CH 2 OH). soterenol^ (64, 3-NHS0 2 CH 3 ). and car- 
buterol 120 (65, 3-NHCONH 2 ). Isoproterenol (62, Fig- 
ure 61), the prototype of the ^-adrenergic agonists, 
is widely used clinically as a bronchodilator; however, 
it is not a 0 2 -selective agent. In addition this catechol 
is rapidly metabolized by catechol O-methyl trans- 
ferase (COMT) which catalyzes the methylation of 
the /7?-hydroxy group. 121 Attempts to increase the 
duration of action of this class of agents by preventing 
this route of metabolism has resulted in the replace- 
ment of the m-hydroxyl with bioisosteres such as the 
methanesulfonamido. hydroxymethyl. and ureido 
groups, resulting in agents with potent and selective 
activities (Figure 61). 



HOHCH2NH-C-CJI3 

H 




CMOHCHaNH-^CH, 
"CHjOM 



CHOHCHjNHHf-CHj 

6 ™' 

OH O 
64 « 

Figure 61. 

A more recent illustration of bioisosteric replace- 
ments for a phenol was observed in a study designed 
to evaluate the D r and D^receptor affinity for a 
series of N.N-di-/hpropyldopajnine (DPDA) analogues 
(Figure 62). 122 In this study, a number of analogues 
in which a hydroxyl group was substituted with 
nonciassical bioisosteric replacements were evaluated 
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Figure 62. 

Table 37. Ligand Binding Data for 
;V,7V-Di-^ propyldopamine (DPDA) Cogeners 

~~~ Mill coefficient, 
compound X Y pICso" 



66a 
66b 
66c 
66d 
GCe 
66f 
66g 
66h 



OH (DPDA) 

NHCHO 

NHCOCH3 

NHCONH2 

NHSOaCH 3 

NHCOCH3 

NHCONH 2 

NHSOzCIU 



OH 

OH 

OH 

OH 

OH 

H 

H 

H 



7.65 
6.94 
5.10 
5.15 
7.87 
4.69 
4.87 
5.45 



a Negative logarithm of the concentration required to pro- 
duce 50% inhibition in EDTA-washed rat strital membranes 
using ( 3 H]spiperonc 

(Table 37) for their ability to bind to the D 2 -receptor 
in rat striatal membranes. 

In this illustration, it is evident (Table 37) that the 
methanesulfonamide (66e) appears to be a suitable 
bioisosteric replacement for the 3-hydroxyl group of 
DPDA. The formamide group (66b) also serves as a 
bioisostere in this series, but this analogue exhibited 
lower affinity for the D2~receptor than DPDA. Both 
of these bioisosterically derived compounds also 
demonstrated in vivo cardiovascular and renal pro- 
files that were consistent with selective D 2 -receptor 
agonism. 

Certain nitrogen heterocycles can serve as potential 
bioisosteres for the phenolic moiety. Heterocycles, 
such as pyrrole, indole or benzimidazoles, that have 
a proton attached to a nitrogen atom and whose lone 
pair of electrons is involved in maintaining aroma- 
ticity, have proved particularly effective. Benz|ej- 
indole (67, Figure 63). the pyrrolo analogue of the 
dopaminergic agonist (69), ,23 ~ 125 displays potent 
dopaminergic properties, is orally active and has a 



R-N 




67 RsH 

68 R»CH) 



69 



Figure 63. 

longer duration of action than 69. The effectiveness 
of the pyrrolo ring of 67 as a bioisosteric replacement 
for the phenolic hydroxyl group has been ascribed to 
the ability of both groups to hydrogen bond to a 
common acceptor nucleus on the dopamine recep- 
tor. 126 Evidence for the involvement of the hydrogen 
bond formation being related to the success of this 
bioisosteric replacement was provided by the lack of 
activity observed with the AAmcthyl pyrrolo analogue 
68. 

Examination of the antihypertensive activity of the 
pyrrolo analogue 71 of labetalol (70, Figure 64), an 
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a- and ^-adrenergic receptor antagonist 127 "" 128 pro- 
vides further evidence for the successful use of the 
indole phenol bioisosteric replacements. 129 




70 



71 R = H 
72R = CH, 



Figure 64. 

The indolo analogue 71 of labetalol (70) was found 
to reduce blood pressure in spontaneously hyperten- 
sive rats, without causing a decrease in heart rate. 
The antihypertensive activity of these compounds is 
related to their ability to hydrogen bond to the 
adrenergic receptors. The importance of a hydrogen 
atom on the indole nitrogen atom is again evidenced 
by the fact that the N-methylated analogue 72 is 
inactive. While both 70 and 71 are antihypertensive 
agents, there are differences between these molecules 
with respect to their iipophilicities and pK a values. 
While the phenol derivative is acidic, the indole 
analogue is almost neutral. These differences may 
partially explain the subtle differences in pharma- 
cological activity between these compounds. Labe- 
talol, in contrast to 71, shows no significant fa-ISA 
and therefore exhibits negative chronotropic activity. 

Bioisosteres have also been developed as replace- 
ments of both hydroxyl groups of catechols. Several 
examples are illustrated in Figure 65. 3 



HO. 



HO 



73 



74 



X =0, NH 
75 



76 



Figure 65. 

The success of L-dopa in the treatment of parkin- 
sonism resulted in the search for analogues of dihy- 
droxyphenylalanine which would exhibit fewer side 
effects. Some of these hydroxy pyridine and pyridine- 
quinoid-type compounds are listed in Figure 66. 130 ~ 133 

HO >v ^./v Y XOOH O^v^V^COOH ^^-yXOOH 

77 78 79 

JLJ NHj NHj 
HO HO 

80 " 

Figure 66. 

2. Carbonyl Group Bioisosteres 

Carbonyl group bioisosteres for the purposes of this 
review refer to replacements which have been used 
primarily for the aldehyde or ketone moiety (Table 
38). The difference in the electronegativity between 
oxygen and carbon associated with these functional 
groups results in a partial positive charge on the 
carbon atom while the oxygen acquires a partial 
negative charge. Comparison of the substituent 



o> 


n 


MR 


0.49 


-1.58 


13.70 


0.72 


-1.63 


13.49 


0.10 


-0.38 


10.28 


0.30 


0.40 


14.93 
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constants associated with isosteres for the carbonyl 
group illustrate that these nonclassical bioisosteric 
replacements are generally electron-withdrawing 
moieties that are relatively large in size. 

Table 38. Aromatic Substituent Constants for the 
Carbonyl Group Bioisosteres 134 

bio isosteres 

SOCH3 
S0 2 CH 3 
CH«NOH 

CH-NOCH3 

In the section on monovalent isosteres (hydroxyl- 
thiol interchanges), the pharmacological basis leading 
to the development of different classes of antagonists 
of Leukotriene B 4 (LTB 4 ) was discussed. LTB 4 has 
been implicated as a potential mediator of inflam- 
mation. Elevated amounts of LTB4 have been found 
in human psoriatic plaque 135 " 136 and in the colonic 
mucosa of patients with inflammatory bowel 
disease. 137 "" 138 Levels of L1B 4 in these tissues appear 
to correlate with the extent of disease. The design 
of potent and selective antagonists of LTB 4 has been 
proposed for the development of new therapeutic 
approaches for the treatment of these diseases or any 
condition where LTB 4 may play a role as a pathologi- 
cal mediator. A series of benzophenone dicarboxylic 
acids (Figure 67) were synthesized as potential 
inhibitors of LTB 4 to its receptors in intact human 
neutrophils. 139 Replacement of the carbonyl with a 
variety of polar and nonpolar bioisosteres led to 
marginal changes in binding affinity (Table 39). 



82 



Figure 67. 

Tabic 39. Receptor Affinity of LTB 4 Receptor 
Antagonists with Modified Linking Groups 



compound 



X 



82a 
82b 
82c 
8Zd 
82e 
82f 



C=0 
C=NOH 
(OOJNH 
S 

SO 
S0 2 



percent inhibition of specific 
PHILTB4 binding Q<M) 

85 
84 
73 
67 
71 
79 



It was observed that the oxime (82b, Table 39) 
showed activity most similar to that of the corre- 
sponding benzophenone (82a. Table 39). The activity 
of the amide-linked (82c, Table 39) and the sulfur- 
linked derivatives (82d-f. Table 39) was also similar 
to that of the benzophenone. While the sulfoxides 
and sulfones are recognized as nonclassical bioiso- 
steres suitable for replacement of a carbonyl group, 
thioethers such as 82d are not. However, the lack 
of any significant difference in activity upon replace- 
ment of the carbonyl with either a thioether. sulfoxide 
or sulfone, which differ widely with respect to their 
polarities and hybridization, suggests that this por- 
tion of the molecule is not critically Involved in LTB 4 
receptor binding. This example illustrates how bio- 
isosteric analogues can be used to identify those sites 



Chemical Reviews, 1996, Vol. 96, No. 8 3167 

on the drug which have a major impact on the 
interaction that occurs with the pharmacophore. 

The sulfoxide and the sulfone moieties have in- 
creasingly been used as nonclassical divalent bio- 
isosteres of the carbonyl group. 140 " 145 In addition, 
metabolic oxidation of a pharmacologically active 
agent which has a thioether incorporated within their 
structure results in the formation of corresponding 
sulfoxide and sulfone analogues. In many instances, 
these are more potent than the corresponding sul- 
fides. The greater size associated with the sulfone 
moiety has also been shown to be a factor that 
modulates biological activity. This was illustrated 
in the development of novel aldose reductase inhibi- 
tors related to sorbinil (83. Figure 68). 

Sorbinil is a spirocyclic hydantoin that exhibits 
activity as a potent inhibitor of the enzyme aldose 
reductase. 146 On the basis of this property, a number 
of spirohydantoin aldose reductase inhibitors have 
been studied. 147 In an attempt to simulate the rigid 
nature of a spirocyclic hydantoin with a nonspirocy- 
clic compound several analogues (84, Figure 68) with 
different substitutions at the 2-position were synthe- 
sized and evaluated for their ability to inhibit aldose 
reductase. 144 Comparison of their IC50 values in 
Table 40 reveals that the sulfone analogue is the 
most potent analogue, with significantly greater 
activity than the thioether and sulfoxide analogues. 
The sulfone moiety in this instance hinders the 
rotation of the hydantoin ring, forcing it to be aligned 
in a manner similar to that of the spirocyclic hydan- 
toin sorbinil. 





83 



84 



Figure 68. 

Table 40. Biological Activity of Nonspirocyclic 
Hydantoin Aldose Reductase Inhibitors 

compound X _ 



ICso" («M) 



83 Sorbinil 0.12 

84a S0 2 CH 3 0.05 

84b SOCH3 0.25 

84c SCH 3 0.62 

"Concentration that causes a 50% inhibition of human 
placental aldose reductase with glyccraldehyde as substrate. 

Another example of the use of carbonyl bioisosteres 
is illustrated for a novel series of thiazolidine-2,4- 
dioncs that were evaluated as potent euglycemic 
agents. Non-insulin-dependent diabetes mellitus 
(NIDDM) is a metabolic disorder characterized by 
hyperglycemia as well as insulin resistance and/or 
impaired insulin secretion." 8149 Most commmonly 
used agents in the therapy of NIDDM are the 
sulfonylureas. 150 - 151 CP-86.325 (85a. Figure 69) is 
representative of a relatively new class of glucose- 
lowering agents. 152 Several bioisosteres in which the 
ketone moiety of CP-86,325 has been replaced, have 
been synthesized and evaluated for their ability as 
glucose-lowering agents (Table 41). While these 
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Figure 69. 

Table 41. Eugiyccmic Activity of Various Ketone. 
Isosteres 



compound 



dose 
(mg/kg) 



% glucose 
normalization in 
ob/ob mouse- 1 



Patani and LaVoie 

86a with respect to their ability to antagonize LTE 4 - 
induced contraction. 

b. Replacements Involving the Entire Carboxylate 
Functional Group. In 1932, it was discovered that 
Prontosii (87, Figure 71) was able to provide cures 
of streptococcal infections in mice. 155 The active form 
of Prontosii was later proven to be p-aminosulfanil- 
amide (88). 156 



85a CH 2 O0 (CP-86.325) 1 100 

85b CH 2 S0 2 5 69 

85c CONH 5 64 

85d CH 2 C(NOH) 5 100 

85e CH 2 C(NOMe) 5 100 

a Cigiitazone was dosed at 50 mg/kg as a positive control 
and results are reported as the percentage of glucose normal- 
ization compared to the standard cigiitazone- treated group 
(100% at 50 mg/kg) and the vehicle treated group (0%). 



bioisosteres did retain activity as euglycemic agents, 
none of these analogues exhibited potency similar to 
85a 153 (Table 41). 
3. Carboxylate Group Bioisosteres 

Nonclassical bioisoteres for the carboxylate group 
consist of replacements which involve (a) only the 
hydroxyl portion or (b) both the hydroxy and carbonyl 
fragments of this functional group. 

a. Replacements Involving Only tlie Hydroxyl Por- 
tion. The. types of nonclassical bioisosteres used for 
the replacement of the acidic hydroxyl group of a 
particular carboxylic acid are similar to the nonclas- 
sical bioisosteres which have been previously outlined 
for phenolic hydroxyl groups. This subclass of bio* 
isosteric replacements used in place of the carboxy- 
late group will, therefore, not be reviewed in detail. 
The determination of suitable replacements for the 
carboxylate group is often based on the ability of the 
bioisostere to possess similar acidity and to exhibit 
similar physicochemical properties. Replacement of 
the hydroxyl moiety of a carboxylic acid with a phenyl 
sulfonamide, for example, results in the formation 
of a sulfonimide. The estimated pK a values for 
sulfonimides are similar to that of an aryl carboxylic 
acid. A recent example of the use of this bioisoteric 
replacement is in the development of indole derived 
leukotriene antagonists (Figure 70). 154 As indicated 
in Table 42, there is little difference between the 
sulfonimide derivative 86b and its parent compound 



c 5 h„* 



X 



v (CH2)6-<i-X 



86 



Figure 70. 

Table 42. Biological Activity of 







% antagonism of 8 nM 


compound 


X 


LTE-rinduced contraction 


86a 


OH 


53 


86b 


NHS0 2 Ph 


58 



NH 2 



87 



Figure 71. 

The mechanistic basis for the antimicrobial activity 
of sulfonamides is their ability to act as competitive 
inhibitors of the incorporation of p-aminobenzoic acid 
associated with the formation of dihydropteroic acid, 
thereby, ultimately inhibiting the biosynthesis of 
dihydrofolic acid (Figure 72). 157 Thus, one of the 
earliest synthetic antibiotics developed consisted of 
an antimetabolite in which a nonclassical bioisostere 
replaced a carboxylic acid moiety. 

While sulfonamides represent one of the first 
nonclassical bioisosteres used to replace the carboxyl 
group, there has been increased interest in the use 
of tetrazole as a nonclassical bioisosteric replacement 
for carboxylate groups. Table 43 outlines a compari- 
son of the physicochemical properties of the carboxyl 
group and its anionic derivative with those of the 
tetrazole in both its neutral and anionic state. 
Replacement of the carboxylic acid moiety with a 
tetrazole is well known and has increasingly been 
used with success within different classes of medici- 
nal agents. Comparison of these groups at physi- 
ological pH reveals that the tetrazole group is almost 
10 times more lipophilic while having similar acidity, 
pKa = 4.9, to that observed for carboxylic acids (pK B 
4.2-4.4). 

Table 43. Aromatic Substituent Constants for 



bioisosteres 


Op 


n 


MR 


OH 


0.45 


-0.32 


6.9 


7 


0.00 


-4.36 


6.0 


H 


0.56 


-0.48 


15.6 


1 

N-N 

A> 








"N-N 


0.35 


-3.55 


14.6 



A recent study of second generation benzodiazepine 
CCK-B (cholecystokinin) antagonists (89, Figure 73) 
can serve as an illustration of the bioisosteric re- 
placement of the carboxylate group with a tetrazole 
moiety resulting in enhanced potency due to the 
reduced hydrophilicity. 158 The effect of increasing 
lipophilicity, upon replacing a carboxylic acid with 
tetrazole, on CCK-B receptor binding can be seen in 
Table 44. Further replacement with an oxadiazolone 
ring in place of the carboxylic acid resulted in even 
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Figure 72. 

greater potency at the CCK-B receptor (Table 44). 
The greater activity of tetrazole and the oxadiazole 
is attributed to the optimal placement of the polar 
substituent facilitating a favorable interaction within 
the CCK-B receptor. 



_ OH H 



Dihydrofolic Acid 




Figure 73. 

Table 44. Receptor Binding Affinities and Solubility 
Properties 3~ (Phenyl urel do) -1 ^ benzodiazepines 



lCso" (nM) CCK-B solubility, mg/mL 



H 

I 

N-N 



6.69 
1.02 

0.266 



4.7 
3.74 

0.41 



A- 0 

"Concentration of compound required for half-maximal 
inhibition of the binding of [ lz5 l|BH CCK-8s to receptors in 
guinea pig cortical membranes. ^ 

Other commonly used isosteres for the carboxylic 
acid moiety, besides sulfonamides and tetrazoles, 
include sulfonate and phosphate. Among these bio- 
isosteric replacements, both the sulfonates and phos- 
phates are more hydrophilic than the carboxylate 
anion and are 100% ionized at physiological pH. 

To illustrate the applicability of these replace- 
ments, the literature outlines a systematic structure- 
activity study of the carboxylic acid region in a series 
of indole- or indazole-derived leukotriene antagonists 
(90. Figure 74). 154 The peptidoleukotrienes are known 
to be the active components of the "slow reacting 
substance of anaphylaxis" (SRS-A). 15 * SRS-A is 
believed to be an important biological mediator in 
several disorders, especially human allergic diseases. 
Thus, the design and development of selective an- 
tagonists of leukotrienes presents a potential target 
for the treatment of asthma. 

In a series of leukotriene antagonists (Table 45). 
it was observed that the sulfonic acid analogue. (90b) 
was equipotent with the carboxylic acid (90a). Bioi- 
sosteric replacement with the sulfonimide moiety, 
which has a pK a similar to that of the carboxylic 
acid, 160 resulted in a 100-fold increase in activity. 
Transposition of the carbonyl and sulfonyl groups 
resulted in a loss of activity which was similar to that 
of a carboxylic acid. The spatial relationship between 



the pendant phenyl group and the sulfone was noted 
as being responsible for the increased potency of 
analogue 90c as compared to analogue 90d (Table 
45). 





Figure 74. 



Leukotriene Antagonists 


test 
concentration 
compound X Y (10~ 7 M) 


% 

antagonism 

of LTE4 


90a H COOH 
90b H SOjH 
90c H CONHS0 2 Ph 
90d H S0 2 NHCOPh 


100 
100 
1 

100 


44 
48 
42 
37 


Table 46. LTE 4 Antagonism of Indole Acid 
Leukotriene Antagonists 


compound X Y 


test 
concentration 
(10~ 7 M) 


% 

antagonism 
of LTE4 


90e OCH 3 COOH 
90f OCH3 ltt-tetnwol-5-yl 
90g OCH3 CONHSO2CH3 
90h OCH3 CONHSOzPh 


10 
10 
100 
I 


59 
50 
100 
100 



Among the methoxy analogues (90e~h, Table 46). 
it was also observed that the phenyl sulfonimide 
(90h) was 100 times more potent than the methyl- 
sulfonamide (90g). In this study, the tetrazole 
analogue was also shown to be equipotent to the 
carboxylic acid. The methylsulfonimide, however, 
was only one-tenth as active as the carboxylic acid 
derivative (90e, Table 46). The pK* value of the 
methylsulfonamide is similar to that of the phenyl- 
sulfonamide and the carboxylic acid. 160 The in- 
creased potency of the phenylsulfonamide compared 
to the methylsulfonamide in this instance was at- 
tributed to a region of the receptor which specifically 
binds the phenyl of the sulfonamide (90h). 

The phosphate, as previously noted, can be viewed 
as being interchangeable with the carboxylate moiety 
and other related bioisosteres. In a recent study, a 
number of functional end groups attached to the 
9-position of guanine by an alkyl side chain (Figure 
75). were evaluated as phosphate mimics on the basis 
of their ability to inhibit purine nucleoside phospho- 
rylase (PNP). 161 This provided a sensitive method 
for the evaluation of the ability of these groups to 
occupy the phosphate binding site of PNP. 

The data obtained (Table 47) reveal that the 
sulfonic acid interacts quite well with the phosphate 
binding site, while the carboxyl group does not 
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Figure 75, 

Table 47. Inhibition of Purine Nucleoside 
Phosphorylase by Guanine Analogues 



compound 



ICso faM)" 



91a 
91b 
91c 
91d 
91e 



P0 3 H 2 

SO3H 

SO z NH 2 

COOH 

CONH 2 



0.04 
0.18 

100.0 
8.0 

200.0 



* Concentration required to cause 50% inhibition of caif 
spleen PNP. 

interact as well. The sulfonamide (91c) and the 
carboxamide (91e), however, have little affinity for 
this binding site. X-ray crystallography studies show 
that the binding of the sulfonic acid analogue is 
almost identical to that of the phosphate analogues, 
as illustrated by the IC50 values. The loss of activity 
by substitution of the phosphate with the carboxy 
group was specifically related to the hydrogen bond- 
ing of the carboxyl group with the hydroxyl of serine 
220 and the amide nitrogen atom of methionine 219 
of PNP. These interactions pull the guanine moiety 
out of the position it normally occupies in the purine 
binding site of PNP. 

4. Amide Group Bioisosteres 

Bioisosteric replacements for the amide represents 
an area that is currently the center of focus because 
of its implications in peptide chemistry and the 
development of peptide mime tics. Peptide bonds and 
peptide fragments have been replaced with a wide 
variety of structural moieties in attempts to convert 
peptides into chemically stable and orally available 
molecules. In view of the fact that replacements for 
the peptide bonds have been reviewed exten- 
sively, 162- " 163 only some of the bioisosteric replace- 
ments of the amide will be discussed. 

Esters have been widely used as replacements for 
amides. In the section on cyclic vs noncyclic bioiso- 
steres, the use of heterocyclic rings as replacements 
for the ester moiety has been illustrated. Heterocy- 
clic rings such as 1,2,4-oxadiazoles (92), l64 ~ 168 1,3.4- 
oxadiazoles (93), !69 "" 171 and triazoles. such as the 
1,2,4-triazoles (94) 172 (Figure 76), have also been used 
as replacements for amide or ester bonds. 

Yi Yi 
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Figure 76. 



Some of the other heterocyclic rings used in pep- 
tidomimetic chemistry include the 2-isoxazoline 173 
(96, Figure 77) and imidazoline moieties 174 (97, 
Figure 77). 

Another approach that has facilitated the design 
and development of HIV protease inhibitors has been 
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Figure 77. 

the application of the "transition-state peptidomi- 
metic" principle. This principle involves the replace- 
ment of the hydrolyzable peptide linkage with non- 
hydrolyzable transition-state isosteres. 175 Figure 79 
outlines the hydrolysis of a peptide bond with its 
transition-state intermediate. A series of transition- 
state mimetics of the peptide bond is illustrated in 
Figure 78. 




( RHI lydrexyetbyl)ur*i» 




Ammodiol 

Figure 78. 

Listed in Table 48 are possible bioisosteric replace- 
ments for the amide bond. The ability of these 
groups to be suitable bioisosteres depends on the role 
the amide group plays in eliciting the biological 
activity and the ability of the bioisostcre to mimic 
this role as closely as possible. Two examples will 
be discussed, one in which the hydrogen donor and 
acceptor functionalities of an amide are required for 
maintaining biological activity and another in which 
the amide group functions only as a spacer between 
two functional groups. 



Table 48. Bioisosteres of the Amide Bond 


bioisostcre 


formula 


amide 


-NHCO- 


reversed amide 


-CONH- 


thioamide 


-NHCS- 


amide homologue 


-CHiNHCO- 


kelomethylene 


~COCH 2 - 


urea 


-NHCONH- 


methylencamino 


-CH 2 NH- 


carbamate 


-NHCO2- 


Uiiocarbamale 


-NHCOS- 


ester 


-co 2 - 


sulfonamide 


-NHSOz- 


hydroxyethylene 


-CH(OH)CH 2 - 
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Figure 79. 

The enzyme acyl-coenzyme Axholesterol acyltrans- 
ferase (ACAT) catalyzes the formation of cholesteryl 
esters from cholesterol and fatty acyl-CoA. Ac- 
cumulation of cholesterol and its esters in coronary 
arteries is a prominent feature observed in athero- 
sclerotic patients. Further evidence suggests that 
ACAT is necessary for hepatic very low density 
lipoprotein secretion 176 and intestinal absorption of 
cholesterol. 177 Thus, inhibition of ACAT may be of 
therapeutic value in the treatment of atherosclerosis 
by reducing the amount of cholesterol absorbed in the 
intestine, reducing VLDL secretion, and retarding 
the accumulation of cholesteryl esters in the artery 
walls. 177 In an attempt to define the structural 
features for potent ACAT inhibition, a series of oleic 
and fatty acid analogues were synthesized with 
various bioisosteric replacements of the amide group. 
These were evaluated for their ability to inhibit 
ACAT in vitro (Table 49). 178 

Among compounds 98e-h listed in Table 49 (Fig- 
ure 80), it was observed that only the urea bioisostere 
98e retained ACAT inhibitory activity in vitro. Ap- 
parently, bioisosteric substitutions having both hy- 
drogen bond donor and acceptor functionalities were 
required to maintain potent inhibitory activity as 
illustrated by the thioamide (98d), carbamate (98f), 
urea (98e), and thiocarbamates (98g) in Table 49. 
The location of the hydrogen bond donor and acceptor 
was important for activity since the reversed amide 
(98b) was less potent than the amide. 




Figure 80. 

Table 49. In Vitro Activity of Bioisosteric Analogues 
of 2,4.6-Trimethoxy Anilides of Oleic and Stearic Acid 



compound 


X 


Y 


ICso* (uM) 


98a 


NHCO 


C17H33 


0.044 


98b 


CONH 


CaHas 


9.4 


98c 


CH 2 NH 


C18H35 


>100 


98d 


NHCS 


C| T H» 


0.9 


98c 


NHCONH 


^C, 8 H 37 . 


0.9 


98f 


NHC0 2 


n-CigH 3 7 


7.1 


98g 


NHCOS 


n-CigH37 


5.7 


98h 


CHjNHCONH 


/J-C18H37 


>5 



* ACAT inhibition in vitro in intestinal microsomes isolated 
from cholcstcrol-fcd rabbits. 



In contrast to the previous example, the main 
function of the amide group in retinobenzoic acids 
(99, Figure 81) appears to be in the positioning or 
spacing of the w-dialkyl phenyl and the p-carboxy- 
phenyl group. 179 

It was observed that amide (~NHCO— ) group 
replacements 179 180 such as —CONH—, 180181 
-SO2NH-, -COCH-CH-, 182183 -N-N- 184 ' 185 re- 
tained activity, regardless of their electronic proper- 
ties or ability to act as hydrogen bond donors. 
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Figure 81. 

5. Thiourea Bioisosteres 

Thiourea bioisosteres have been successfully em- 
ployed in the development of H 2 -receptor antagonists. 
Histamine H 2 -receptor antagonists have been widely 
used in the treatment of peptic ulcer disease. Side 
effects such as agranulocytosis observed in early 
clinical studies with the H 2 -antagonist metiamide 
(100. Figure 82) was attributed to the thiourea 
moiety. Replacement with a guanidino group (101, 
Figure 82) resulted in absorption problems because 
of its high degree of ionization at physiological pH. 
Further, bioisosteric substitution with the cyan- 
oguanidino derivative provided cimetidine (102, Fig- 
ure 82), which was twice as active as metiamide as 
an inhibitor of gastric acid secretion. The presence 
of a polar nonbasic functional group attached to the 
secondary position of an (ethylthio) methyl substituent 
on an aromatic heterocycle exists for all four of the 
major H 2 -antagonists which are in clinical use. 
These include cimetidine. famotidine, ranitidine, and 
nizatidine. 



CHjSCHiCHi- 



-NHCNHCHi 

S 



tL 



100 



lot 



CHjSahCHj-NHjJNHCHj 
NCN 



102 



Figure 82. 

In the continuing search for novel H 2 -antagonists, 
a series of 2-guanidino-4-pyridylthiazole derivatives 
(103. Figure 83) were synthesized and evaluated for 
gastric antisecretory activity. 186 Replacement of the 
cyano group in the cyanoguanidine moiety with 
electron-withdrawing groups such as a sulfonylalkyl 
group or nitromethine resulted in retention of 
activity. However these analogues were less potent 
than cimetidine (Table 50). 



H 2 N 



103 



Figure 83. 
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Table 50. Pharmacological Activities of 
2-Guanldlno-4-pyrldylthiazoles 





% inhibition of 


X 


gastric secretion" 


cimctidinc 


53 


NHC(-NCN)NHCH 3 


15 


NHC(-NS0 2 CH 3 )NHCH 3 


24 


NHC(~CHNOz)NHCM 3 


18 


a Inhibition of histamine-stimulated gastric acid secretion 


in the lumen-perfused stomachs of the anesthetized rats. 



6. Halogen Bioisosteres 

The last class of isosteres which will be discussed 
are the isosteres for the halogens. Halogens Have 
been replaced by electron- withdrawing groups such 
as a cyano or trifluorornethyl group. Replacements 
of this type were observed in a series of l-[(2- 
hydroxyethoxy)methyl)-5-benzyluracils (104, Figure 
84) that were tested for inhibition of liver uridine 
phosphorylase (UrdPase). 187 Uridine phosphorylase 
is an enzyme that catalyzes the reversible phospho- 
rolysis of pyrimidine nucleosides. Uridine phospho- 
rylase is responsible for the degradation of chemo- 
therapeutic agents such as 5-fluoro-2'-deoxyuridylic 
acid. 188 Thus, the development of agents belonging 
to this class has been of chemotherapeutic interest. 189 
Within the series of 5-benzyluracils, it was suggested 
that electron-withdrawing groups at the 3-position 
decreased potency. This hypothesis, was supported 
by the observation that replacement of the chloro 
atom with stronger electron-withdrawing groups 
such as the cyano or the trifluromethyl resulted in 
less potent analogues (Table 51). 




104 



Figure 84. 

Table 51. Uridine Phosphorylase Inhibition of 



5 -Benzyluracils 



compound 


X 


1C M " («M) 


104a 


CI 


2.5 


104b 


CN 


13.2 


104c 


CF 3 


21.4 


* Concentration of inhibit or that results in 50% decrease in 


reaction velocity. 







Another illustration of such nonclassical replace- 
ments for halogen was illustrated in a structure- 
activity relationship study of cholescystokinin-A re- 
ceptor antagonists (105, Figure 85). 190 In the section 
on carboxylate bioisosteres the pharmacological basis 
behind the design of CCK-A receptor antagonists has 
been discussed. Here again CCK receptor antago- 
nists have been proposed as potentially useful in the 
treatment of appetite disorders, abnormalities of 
gastric motility, biliary tract disease, pain manage- 
ment, and psychiatric disorders. 191 As illustrated in 
Table 52 replacement with nonclassical bioisosteres 
of the halogens in the benzodiazepines resulted in 
retention of antagonistic activity at the CCK-A recep- 
tor. 
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Figure 85. 

Table 52. Pancreas Receptor Binding Affinities for 



3-(Benzoylamlno)ben2odlazepines 



compound X 


log(IC 50 ) a 


105a CI 


8.54 


105b CN 


7.37 


105c CF 3 


7.70 


* Mlcromolar concentration of maximal inhibition of binding 


of l ,2S I]CCK-33 or [ 125 l]CCK-8 to rat pancreas 





IV. Conclusion 

Bioisosteres modulate biological activity by virtue 
of subtle differences in their physicochemical proper- 
ties. Systematic correlation of physicochemical pa- 
rameters with observed biological activity has been 
very effective in highlighting subtle differences within 
bioisosteric groups which often increase activity. Of 
significance is the ability of these bioisosteric groups 
to define some of the essential requirements of the 
pharmacophore. This is especially important when 
the synthesis of a large number of drug candidates 
for evaluation is not economically feasible. A number 
of less known replacements have not been reviewed 
because of their inability to demonstrate bioisoster- 
ism in more than a single class of agents. In this 
review, an attempt has been made to explain the 
rationale behind the use of bioisosteric replacements 
using examples from current literature. It is hoped 
that this systematic approach will facilitate the use 
of bioisosteric replacements in future structure- 
activity studies. 
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PART 1 



INTRODUCTION 



To the synthetic organic chemist interested in medicinal chemistry, every physiologically 
active compound of known structure is a challenge - a challenge either to better it, or perhaps 
merely to equal it. For it must be remembered that even the most innocuous drug is not toler- 
ated by some people. 

There are numerous ways of attacking such a problem, and this audience is certainly 
familiar with them. One of the methods which has been used frequently, very often with success, 
is that of isosteric replacement. The examples of this type of replacement in the literature are 
very numerous, and the fruitful results in the fields of sulfonamides, antimetabolites, and anti- 
histamines are well known. 

The concept of isosterism, first introduced by Langmuir, 13 has been changed over the 
years by the work of many others. It will be the object of this paper to survey the history of 
isosterism, to classify the varieties of isosteric replacements which are recorded in the litera- 
ture, and to note the influence of these replacements on the biological activity of compounds. We 
shall then be able to see if any general relationships apply, and what conclusions may be drawn 
from such data. 



PART 2 



THEORETICAL 



Langmuir in 19i9 13 pointed out the remarkably similar physical properties of carbon 
dioxide and nitrous oxide. He deduced from the octet theory that the number and arrangement of 
electrons in these molecules are the same. Compounds showing such relationship to one another 
were termed isosteric compounds or isosteres. These terms were not restricted to compounds, 
but were extended to groups of atoms which hold pairs of electrons in common (termed by 
Langmuir comolecules). Comolecules were likewise considered isosteric if they contained the 
same number of atoms and possessed the same number and arrangement of electrons. 

Langmuir predicted twenty -one types of isosteric groups of which only a few will be 
mentioned here: 
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CHART 1 



Langmuir Type 




2 


0=, F", Ne, Na+, Mg + +, A1++ + 


3 


S=, CI", A, K + , Ca ++ 


5 


Br", Kr, Rb+, Sr+ + 


8 


N 2 , CO. CN _ 


9 


CH 4< NH 4 + 


10 


C0 2 , N 2 0, N 3 ~, CNO" 



Langmuir postulated that when isosteric comolecules are also isoelectric, that is when they have 
the same total charge, all their physical properties should be closely similar. Only three such 
pairs occurred in Langmuir's tables: 



N 2 and CO; C0 2 and N 2 0; N 3 " and NCO" 



However, no direct comparison can be made of the physical properties of isosteres having 
different electrical charges. 

Even though the classes are distinct from one another, it was demonstrated that compar- 
isons of comolecules in different groups could still be made. If any two substances are very much 
alike in physical properties, then any isoelectric isosteres of these substances should show close 
relationships with one another. Thus in types 3 and 8, argon and nitrogen resemble each other 
closely, therefore chloride ion (isosteric with argon) should resemble the cyanide ion (isosteric 
with nitrogen). Likewise the similarity between K+ and NH 4 + can be derived from argon and 

. methane. It is to be emphasized that in Langmuir's terminology K+ and NH 4 + are not isosteres of 

- one another. 

Whereas Langmuir compared only physical properties, Seifriz*? showed in 1948 that C0 2 
and N 2 0 are both reversibly anesthetic to the slime mold Physarum polycephalum . 

In 1921, W. Huckel 11 pointed out that the imino group (=NH) in homopolar compounds 
corresponds to the oxygen atom and that the -NH 2 and -OH groups correspond to the F atom. 

Somewhat later (1925) Grimm® very markedly extended the concept of isosterism. In place 
of Langmuir's term "isosteric comolecule", Grimm preferred the term pseudoatom . His hydride 
displacement law states: 

"Atoms anywhere up to four places in the periodic system before an 
inert gas change their properties by uniting with 1 to 4 hydrogen 
atoms, in such manner that the resulting combinations behave like 
pseudoatoms, which are similar to elements in the groups 1 to 4 
places, respectively, to their right. " 



Grimm showed this relationship by the following chart: 
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CHART 2 



j jjut not completely, specific. 





Group 


4 


5 


6 


7 


0 


1 


Number of 


0 


C 


N 


O 


F 


Ne 


Na 


Hydrogens 


1 




CH 


NH 


OH 


FH 






2 






CH 2 


NH 2 


OH 2 


FH 2 + 




3 








CH 3 


NH 3 


OH 3 + 




4 










CH 4 


NH 4 + 



.uhlt.h H g "\ Professor Erlenmeyer 5 at the University of Basel in Switzerland has 

pubhshed a ser.es of papers on isosteric compounds. He has given great impetus to the mod err 
concept of .soster.sm in organic chemistry, particularly in relation to biological activity 
Erlenmeyer accepted Grimm's classification and has broadened it even further. His definiti 



isostere is: 



on of 



"Atoms, ions, or molecules in which the peripheral layers of 
electrons can be considered to be identical are termed isosteres. " 

l B oL E rl e r ey K r ' S f u e£initi ° n a " eIem "ts in the same^group of the periodic table are isosteric so 
long as they have the same number of electrons in their outermost shell. In a unique application 
of th.s concept, Erlenmeyer in 1933* considered S and CH=CH in an aromatic nucleus to be 
ChIcH- or'cH-CH" 1 " ^ , *" i »* e «'"-« 1 «««»» » C=C pseudoatom (whether it be written 

In 1946, MentzerH demonstrated that, in certain circumstances, the group -CH?-CH>- 

not term T T " C °"°" "° Chang£ '» bi °'° giCal aCt ' Vit * ° f the P««' compound' He' did 

not term these isosteric pairs. v 

Some authors, as Menteer" and Er.enmeye r 3 use the term potential -cycle or pseudocycle 
ng out the ster.c relat.onships between the ring and opened form of physiologically active 



to bri 
molecules . 



and StPinWnnfl8 na1 ^ ^™ ,,iS ° l08n * U " d by S ° me authors < as Fies "7 » the United States 
and Steinkopf^ m Europe) where "isostere" is usually designated, 
however, need not be isosteric. 



Isologous compounds, 



different writer f \ that the "-°steric" has varied in meaning with 

different writers - rom a narrow to a very broad concept. In this discussion we shall accept the 

IctZZ of miT , m Vu a StUdy inf ' UenCe ° f iSOSteHC -P'— ents on the biologfcal 

such ™ lecu1 "-. ^e shall not consider physical properties, although it is not implied that 

ships ^ " m,Xed - C ^ Stal f—ation are not of great significance for isosteric relation- 

and h.vTt^L^T C °"'i°™' 3s "bio-isosteric" if they fit the broadest definition for isosteres 
and have the same type of biological activity. 

studies Th L%nd 0 s 1 t?in Cal 12 C1UiVale , n , Ce °' U ° SteriC gr ° UpS reCe ' VeS SU PP ort from immunological 
d llttl H L a andste ' ner12 was able to prepare artificial antigen-antibody systems by coupling 

form antldieT 3 H 7™" T^' ^ th " e P-tein complexes into animals to 

helrouo attached h ?" cover ,! d ' hat these -"bodies have the specific power of combining with 
ZJJZ ^"^t^ the f 0 hnka g e - This group, which is of known structure, he termed the 
h»Pten c group. The specificity of the antibody in any serum could be tested, by means of the 
precpmn react.on, with related comp.ex proteins. In general, the combining power " h ghly, 



* Erlenmeyer , 4, 1 9 using 

• several isosteric atoms and ps 
: ^ostcric replacement, where 1 



C^H 5 -C-C6H 4 -N-N-Prc 
C 6 H 5 -NH-C6H 4 -Protein 
C 6 H 5 -CH 2 -C 6 H 4 -Protei 



-C 6 H 4 -S0 3 H 
-C 6 H 4 -Se0 3 H 
not -C 6 H 4 >S0 2 H 



H 2 N 




I and JI ++ + 

I and III + 

II and III ++ 



From Erlenmeyer 4 - 
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Erlenmeyer, 4 » !9 using Landsteiner 's method, demonstrated the serological similarity of 
several isosteric atoms and pseudoatoms. The following are illustrations of several types of 
isosteric replacement, where the resulting compounds give cross -reactions : 



CHART 3 



SEROLOGICAL SPECIFICITY 



C 6 H 5 -0-C6H 4 -N=N-Protein 
C6H5-NH-C6H4 -Protein 
C 6 H 5 -CH 2 -C6H 4 -Protein 



-C6H4-SO3H 
-C 6 H 4 -Se0 3 H 
not -C 6 H 4 -S02H 



-C6H 4 -P0 3 H 2 
-C 6 H 4 -As0 3 H 2 
not -C6H 4 -Sb0 3 H2 



o- 



CO-NH-C6H 4 - 



NH-C6H 4 - 



not 




-CO-NH-C6H 4 - 



III 



H 2 N' 




CQ 2 
CH2 
.CH 2 

cfi 2 



I and II +++ 

I and III + 

II and III + + 



H2N 

a; 



CH 2 
CH 2 
CH 3 



H 2 N 




CQ 2 
O 

/CH 2 
CH 3 



From Erlenmeyer 4 * 
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While this work is not necessarily foolproof, and indeed has been criticized by Heidelberger 10 
requiring more and better support, it is in good agreement with Pauling's views. * S 

Paulingl5 has also studied serological reactions to provide information about the 
molecular structure and configuration of simple substances. He compared the process of anti- 
body formation to the production of a replica by pressing a plastic material against a mold and* ■ 
permitting it to harden. The polypeptide chain, with its power of assuming alternative confi gu 
tions, is the plastic material, and the surface of the antigen serves as the die or mold. The 
complementariness of antigen and antibody includes not only surface configuration, but also i 
position of special combining groups, such as a negatively charged group in the antibody withT 
positively charged group in the antigen, , and a hydrogen-bond -forming group carrying the proton 
with a similar group presenting an electron pair. Thus, isosteric replacements in an antigen 0 " 
which do not affect the shape or polarity of the molecule should not interfere with its reaction 
the antibody. Wlth 

Pauling has extended this concept of spatial surface configuration to include biological 
specificity in general. , 

Deductions from serological reactions are limited because strongly polar groups have 
predominant effects. However, this type of study should show when parts of a molecule are 
simple "space fillers", that is occupy specified geometrical bulk. 

Since the discovery that the antagonism of the sulfonamides to £-aminb benzoic acid is an 
antimetabolite effect, due to the close similarity of structure, isosteric replacements in other 
essential nutrients have yielded many compounds of interest. This field has been thoroughly 
reviewed in the literature, * & and is the su bj e ct of a separate part of the symposium. We shall 
merely mention some of the types of isosteric replacement in the numerous antimetabolites which 
have been made, and only a few specific examples will be given in this paper: 



CHART 4 



Essential Nutrient 


Atom or Group 
Replaced 


Replacement 


Riboflavin' 


2-CH 3 


2-C1 


Thymine 


-CH3 


-OH, -Br, or -NH 2 


Mesoinositol 


6-OH 


6-C1 


Thymine, lysine, folic acid 


-NH 2 


-OH 


Folic acid 


-OH 


-NH 2 


£ -Amino benzoic acid, glutamic acid 


-COOH 


-CONH 2 


£-Amino benzoic acid, niacin 


-COOH 


-COCH3 


Arginine 


-O- 


-CH 2 - 


Uracil, thymine, niacin amide 


-O- 


-S- 


Methionine 


-S- 


-O-, or -CH 2 - 


Purines 


-CH= 


-N= 


Phenyl alanine, p -aminobenzoic acid 


benzene 


pyridine \ 



Essential Nu 



Phenyl alanine 

Niacin 

Thiamine 

Methionine 

Valine, niacin, pantc 
aspartic acid, oxyb 

p-Amino benzoic acic 
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CHART 4 (Cont. ) 



Essential Nutrient 


Atom or Group 
Replaced 


Replacement 


Phenyl alanine 


benzene 


thiophene, furan, 
pyrrole 


Niacin 


pyridine 


thiazole 


Thiamine 


thiazole 


pyridine 


Methionine 


-S : 


-CH=CH- 


Valine, niacin, pantothenic acid, 
aspartic acid, oxybiotin, heteroauxin 


-COOH 


-SO3H 


p-Amino benzoic acid 


-COOH 


-As0 3 H 2 


p-Amino benzoic acid 


-COOH 


-PO3H2 



The isosteric compound formed may have either the same activity as the original, or more 
usually it may have an antagonistic effect. In either case, it is proof that isosteric replacement 
gives compounds acting by the same mechanism, that they are truly bio-isosteric. 

Ideally, to make comparisons between structure and biological activity, two criteria are 
necessary: (1) Substances compared must act by the same mechanism and (2) The structure 
involved in the test should be the structure of the compound under study. However, in practice, 
for many types of biological activity only in vivo tests can be used, and even when using in vitro 
tests, we cannot be sure that the above criteria apply. In so far as possible, examples have been 
chosen which are based on in vitro activity, and mainly those using an isolated tissue or micro- 
organism. It is not claimed that the in vitro tests will necessarily correlate with in vivo or 
clinical studies; nonetheless the data obtained may be a useful guide for further work and may be 
adaptable to other series of compounds. 

Activities found in one screening test need not parallel the relative activities of the 
compounds in another test. Since data in the literature are usually lacking for tests other than 
those in which the authors were most interested, it is seldom possible to make such alternate 

lists . 

Biological activities, as absorption, distribution, conjugation (detoxification), taste, odor, 
side effects of drugs, will not be discussed. 
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PART 3 



TABLES OF DATA 



In order to classify the data for presentation, the following chart is pertinent for organic 
compounds. 



CHART 5 



Class 4 


Class 3 


Class 2 


Class 1 






Sb 


Te 


I 






As 


Se 


Br 






P 


S 


CI 




C 


N 


O 


F 


Ne 


N + 


-CH- 


-NH- 


-OH 




P + 




-PH- 


-SH 




S + 












-CH 2 - 


-NH 2 










-PH 2 










-CH 3 





Table modified from Grimm 8 



We have designated these four types from the number of covalent bonds. Above are the 
elements of the same periodic group, below are the isosteric hydrides. The following tables will 
show the effect of isosteric replacement on biological activity within each type. The -S- and 
-C = C-, and other special cases do not fit into this chart and will be treated separately. 

Discussion of Tables 

Class 1 - Halogens and Hydrides (OH, NH?, CH^) 

Tables 1-4 list examples of comparisons of Class 1 of the chart previously shown. Table 
1 contains examples of multiple comparisons. Table 2 compares halogens only, Table 3 compares 
halogens with hydrides, Table 4 compares hydride with hydride. An attempt has been made to 
select examples from fields of current interest. 

TableJ. If one were to judge results of isosteric replacements from Table 1, it would be 
difficult to arouse enthusiasm. The most unusual case is the replacement of the chain -OH of 
epinephrine by NH 2 ; the activities of other members of this series should be of great theoretical 
interest. 
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Table 2 In general the results are what would be expected, activities usually showing a 
^len^^hlne molecular weights. There are exceptions, mostly with the extreme members 



nd 1. 



ethyl* 



Tables 3 and 4 . These again show unpredictability of response. The a-hydroxy -(3-phenyl - 
nine examples have been amply discussed by Hartung. 9 

General Concisions to Class 1 . It is not possible to predict when members of this class 
... b e bio-isosteric; inmost instances they, will not be. Very often activity is specific to one 
mber which would be called, in Ehrlich's terminology, an anchoring group. Differences in 
pities may be attributable to differences in polarity of the groups, to solubility differences, or 
£ chemical reactivity. The most likely pairs of bio-isosteres are: 

halogen and CH3 



the most unlikely pairs are: 



halogen and OH, 



OH and NH 2 . 



Class 2 - (S, O, NH, CH 2 ) 

Tables 5 - 7 inclusive list examples of Class 2 replacements. For convenience, the 
examples have been divided into structural types: ether, ketone, and ester. 

Table 5- Ether Type . These show a better probability of bio-isosterism than Class 1 
„ oes The member which fits in the least is -NH. Sulfur is not always bio-isosteric with 
oxygen, in fact surprisingly less than might be anticipated. Probably polarity differences play a 
predominant role. 

Table 6: Ketone Type . The most interesting examples are probably the thio-barbiturates. 
In general, these types have restricted comparability. 

Table 7- Ester Type . Many amides and thioesters related to the local anesthetic and 
antispasmodic esters are known, but practically none have come into use. More thought should 
be given to the ■ replacement of ester oxygen by the CH 2 group. 

General Conclusions to Class 2 . Isosteric replacement in this group has better promise 
of usefulness than in Class 1 . While methoxy and ethyl often do not show similarity in other 
.cases interchanging O and CH 2 yields compounds of similar activity. Here, as in Class 1, 
J polarities probably play a dominant role. 

Class 3 - Tertiary N and Tertiary C 

Tables 8 and 9 list examples of Class 3. Most of the known examples of this class occur 
in the aromatic ring systems (Table 8). No attempt has been made to list the numerous examples 
in well-known fields as the sulfonamides and antihistamines but a few are given to refresh 
memories. Commercially this has been the most valuable application of bio-isosterism. 

Table 9 contains non-aromatic examples. Because of polarity differences the aliphatic 
:ypes can seldom be expected to display bio-isosterism, but it is a more likely assumption that 
iiphenylamine and benzhydryl derivatives would show such similarity. More examples are 

desirable. 

While tertiary P, As and Sb theoretically are electronically isosteric with N and CH, 
practically, except between As and Sb, they show little bio-isosterism. 

Class 4 - Quaternary C, N . S. Etc. (Table 10) 

The spatial tetrahedral geometry and the positive charge are of paramount importance for 
this class. In general, a quaternary carbon, because it lacks a charge, is not interchangeable 
*ith quaternary nitrogen. 



m 
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The Special Classes 



Table 11 - Aromatic C = C and O, S, NH . Following Erlenmeyer, it is generally agr ril 
that the pairs, benzene and thiophene, and pyridine and thiazole, are isosteric, Furan and 
pyrrole differ markedly from benzene in both physical and chemical properties. Indeed 
Bradlow, Vanderwerf and Kleinberg^ in a brief discussion of the concept of isosterism, state ii 
that "Proponents of the principle of isosterism do not point out the fact that by definition pyrro?9 
is also isosteric with benzene, thiophene and furan. " There are sufficient examples, howeyer&lflw 
indicate that these rings may be bio-isosteric although the furan and pyrrole compounds are 
usually weaker in activity than those containing benzene and thiophene. The activity of furan 
isosteres in the antihistamine field indicates that such replacements cannot be ignored. 

The latter part of the table contains comparisons of an ethylenic bridge between two 
aromatic rings with S, O and NH. Not enough examples are available to draw conclusions, but ^t? 
this should be an interesting replacement type. 

Table 1Z - Carbonyl and Sulfone (or Sulfoxide) . The structural relationship between 
£-aminobenzoic acid and sulfanilamide has been emphasized by Bell and Roblin 1 in explaining tfctl 
mode of action of sulfonamides. The exchange of -COOH for -SO3H in many metabolites to 
produce antagonistic substances has shown this to be a general phenomenon. Therefore, a 
comparison has been made in this table of compounds with carbonyl and sulfone groups. The ^IBSfe 
sulfoxide has been added since spatially it more nearly resembles the carbonyl than does the 
sulfone grouping. Electronically neither the sulfoxide nor the sulfone group is isosteric with tHeS 
carbonyl group. The ionic bond of the sulfur groups further emphasizes the difference. 
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The table does not indicate any striking resemblances except for the amidone type examplllf| 

Table 13 - -CO-Q- and -CH2 -CH;? - . These groups are not electronically isosteric; it ttiflg^ 
most likely that they owe their activity to similar spatial fixation (as discussed in the following]**^ 
type). 

Table 14 - Spatial Fixation by Ring or Double Bond . That three dimensional spatial 
characteristics play a highly important role in biological activity is known to everyone. The ^ J 
vastly different activities often noted in optical or cis -trans isomers must be considered in any 
attempt to explain the mechanism of biological activity. When two molecules are almost identical^ 
spatially, that is, are superimposable in three dimensions, we may expect similar activity 
provided the polarities are situated in corresponding parts of the molecules. 

" 

Table 14 lists examples, of ring and open forms. In many cases there is striking agree -.V^M* 
ment; often however, one form is completely inactive. Where agreement between activities is ■•> 
found, it is interesting to assume that the open and closed forms can be superimposed in three- 
dimensions. 



■Mi: 



Benadryl is an interesting example. When the rings are forced into the planar form of 
the fluorene ring, activity is lost; one might speculate therefore that in the "active" form of 
Benadryl the two benzene rings do not lie in the same plane. From the example of Trasentin and*; 
Pavatrine the opposite appears to be the case. 

Table 15.- Polarity Shift, Exo-Endo Cyclic . This and the following table are offered in 
an attempt to systematize data scattered throughout the literature. This table demonstrates the,^ 
effect of moving a polarity from without to within a ring, the shift being to the adjacent position. • 
The probability is that the polarity of the atom must remain quite similar in order to retain the • ^ ' 
same activity. . ' =r 

"'4. 

Table 16 - Reversed Adjacent Polarity . This table illustrates the effect of reversing 
adjacent polar groups. Many instances are of great interest; this is a transformation to be kept 
in mind in seeking new compounds. 4 
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CONCLUSIONS 
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We have seen that similarity in biological action need not result from isosteric replace- 
cn t - isosteres need not be bioisosteres. This is not surprising in view of the complexity of the 
Amplest living systems. 

As we all know, simple isosteric replacements often give compounds of interest and value. 
, addition, there are two important types of information to be learned from such replacements. 
One is that we discover which groups cannot be eliminated in order to retain the desired activity 
r e the anchoring groups); the other is that we learn which parts of the molecule are important 
because of their bulk space characteristics. These facts enable a more intelligent approach to 
.he synthesis of new compounds. 

The similarity of biological activity in so many instances, and the successful results 
already achieved through isosteric replacements, show that this is a type of variation which the 
synthetic chemist must keep in mind. If chemical reactivity and polarities are considered, the 
predictability of bio-isosteric replacement is quite high. 
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EXPLANATION OF TABLES 



In the first column the structural formulas of the compounds 
under consideration are written with the variable isosteric group 
represented as X. 

In the second column the biological list is stated (e.g. anti- 
tubercular, narcotic, anesthetic, etc. ) together with other perti- 
nent data necessary - as to whether in vitro or in vivo, what organ, 
organism, or animal was used, what challenging agent, if any, 
was used, and in what terms the activity data are expressed with 
a designation of the reference compound if such was used. Below, 
in parenthesis, the references to the literature are given. This 
list is found immediately following the tables. 

The remaining column headings usually designate the atom 
or group represented by X. In cases where this is not so, the 
heading is self evident. The data in these columns are the 
activities of the compounds in the terms used by the original 
workers; this varies with different authors from quantitative figures, 
a system of plusses, to mere statements of activity or non-activity. 
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TABLE 8 (Cont. ) 



CLASS 3 
Aromatic Rings 
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TABLE 13 

SPECIAL CLASS 
-COO-, CH 2 -CH 2 
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TABLE 14 

SPECIAL CLASS 
Spatial Fixation by Ring or Double Bond 



Compound 


Biological Test (Reference) 


Open Form 
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TABLE 14 (Com. ) 



SPECIAL CLASSES 
Spatial Fixation by Ring or Double Eond 



Compound 


Biologic" 1 Test; (Reference) 


Open Form 


Ring Form 


HN CO 

1 1 
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HN C-CH(--|-- 
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Antithyroid 
Thiouracil = 100 

(109) 


14 


116 


OC NH 

1 1 

CH ? C = S 

1 : 1 

CH 2 --NH 


Ditto 

(109) 


14 


10 


/ CH 2 -C-S N 
CH 2 C-NH 2 
^CH 2 |c-N'^ 


Effect on blood pressure 
(45) 


depressor 


pressor 


CH 3^N^ CH 3 
I \---*. 
CH 3;CH^ 


Analgesic 

(14) 


active 
(Amidone) 


inactive 


• || || / CH 3 
^^NH-C -NH-C-NH-CH 

X CH 3 


Antimala rial 

(i) 


active 
(Paludrine ) 


inactive ■ 




Antimalarial 
(34) 


+ + + 







CHOH 

: i 

,CH-NH ? 
CH ? 




CHOH 
S C ^CH-NH-CH 3 



\H-0-CH r CH 2 -N v 



CH 2 
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TABLE 15 




SPECIAL CLASS 
Polarity Shift 



TEST 


Exocyclic 


Endocyclic 


Analeptic activity 


^\rn NTT"*.* 

0 

NO z 


fS^^NCO-NEt^ * t 

Q ! 


(46) 


Active 


Active 


vs. Hem. strep. 


H 2 N \ ^S0 2 -NHC h 




in mice 






(43) 


15% greater activity than 
Sulfanilamide 


(Sulfapyridine) 


Histamine -like 






activity 


t^JlcH 2 -CH 2 -NH 2 


P -.J TT _ ^t_I_ \TTJ _ 

\ ^»CH 2 -CH 2 -NH 2 
N 




N0 2 


(90) 


None (pressor compound) 


Weak (0. 02 x histamine) 


Pa ra-sympathom imetic 


R 3 N + 


O 2 

R + 


(154,73,3) 


Active 


Active 


vs. Syphilis 


AsO 


AsO 




Ou 

OH 


OH 


(123) 


Active 


Active 



TEST 



Antibacterial 

vs. Staph, aureus 



Antibacterial 



(145) 



Local anesthetic 



(30) 



Analgesic 



(129) 



Vit. K. activity 



(114) 



TABLE 16 

SPECIAL CLASS 
Reversed Polarity 




TEST 






Analges ic 


O 

0v^C-O-CH 2 -CH3 


11 

0^P:C.ch 2 -ch 3 y 

0 




Urn 


lhe 


(82,55) 


Demerol 


30 x Demerol 


Choline -like 
(Muscarinic) 


O 

Me3-N + -CH 2 -C -O-CH3 


Me 3 - IN _ ^H 2 -UjC-CH3 


Acetylcholine = ++ + 


(Betaine ester) 


(Acetyl - formocholine) 


(33) 


+ + 


++ 


Antispasmodic 


CH-C-0-CH 2 -CH 2 -NMe 2 


— _ 

Q \J 

^CH-0-C-CH 2 -CH 2 -NMe 2 


vs. Histamine 
vs. Acetylcholine 


very weak 
moderate 


very weak 
moderate 


(5) 






Antispasmodic 


^CH-C-0-CH,-CH 2 -NEt 2 

V 


^ O 

'n ■ 

CH-0-C-CH 2 -CH 2 -NEt 2 


(35) 


(Trasentin) 


Activity ? 


Ditto 


O 

7 -J? luorenyl ~5^r.S. - 2~ 2 2 


O 

Q TTlnor^Twl - Ci-C -CHl -fH-) -NEt? 
7"f luorenyi *\jn 2 *un 2 


(35) 


(Pavajtrine) 


Activity? 


Local anesthetic 


CO-NH-CH 2 -CH 2 -Piperidine 

0 


NH-CO-CH 2 -CH 2 -Piperidine 

0 




NH 2 


NH 2 


(61) 


weak ? 


Activity? 



I 



TEST 



Local anesthetic 



(56) 



Antitubercular 
molar cone, for 
stasis 



(72) 



vs. T. pallidum 
in vitro 

0AsO = 100 



(40) 



Pressor 



(85,66) 
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TABLE 16 (Cont. ) 

SPECIAL CLASS 
Reversed Polarity 



TEST 






Local anesthetic 


COOMe 


COOMe 

0 




NH 2 




(56) 


(Orthoform) Active 


(Orthoform new) Active 


Antitubercular 
molar cone, for 
stasis 


COOH 

a 

NH 2 


COOH 
OH 


(72) 


1/200 


1/200 


vs. T. pallidum 
in vitro 


AsO 


AsO 

0 


GAsO = 100 


NH 2 




(40) 


40 


38 


Pressor 








HO^yCH-CH-CH 3 
OH NH 2 


HOl V ^C H ~CH-CH 3 


(85,66) 


1/12 epi 


Inactive 
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DISCUSSION 



>. W. WOOLLEY (Rockef eller Institute for Medical Research, New York New Y L» 
of isosterism is one I have given considerable thought to, and I would li'kelTnr^ 

j> -v *- 4-1-..-. mm. — . 11 ^ A — f V _ i-i i ... 1611 - 



DR. D. W. 
This question 

you how I look at the matter. As Dr. Friedman'poTntVd 7vA. EriVmeye^ '" 
this study, with investigations in the early thirties. He came against a blank wail, thouoh Ik 3 
the isostere of thiamine was made ; that is, a thiazole ring in the vitamin was replaced bv i - 
pyridine ring and, contrary to what had been expected (that is, that it would have thiamine 
activity), it was an exceedingly powerful antagonist; it had the exactly opposite effect from 
thiamine. This was one of the serious challenges to the idea of isosteric replacement givino • 
to biological materials of the same potency, and it still is. g 1Se 

The confusion which seems to reign in the field, and to which Dr. Friedman referred 

resides partly in this fact. If in a drug, one makes isosteric replacements, such as the exl "1 

of a pyridine ring for a thiazole, one may obtain a compound of similar qualitative action 1 

although in all respects the two may not be identical. Actual experience showed that drugs of ' I 

similar activity could be found by making such isosteric changes in existing drugs. This mav - 5 
have been because various members of a series of antimetabolites were being made. If, howevp. * 

the hm»t is exceeded and the metabolite rather than the. analog is made, an entirely different * 
situation arises. /cm 

Among pharmacologists and others as well, hormones have been considered as drugs 
Choline, for instance, for years, was thought of as just a synthetic drug, until it was isolated ' > 
from tissues and gradually shown to be an essential metabolite. The case of adrenalin sometimes 
"1 I T Wed " ^ SamC ^ ThC confusion of dru 8 s with metabolites was therefore profound 1 
with the hormones. With the vitamins, however, the matter can be seen more clearly. Because 
the vitamins are essentially nontoxic, enormous doses can be given to normal animals with no 
detectable effect. This is not true of many of the hormones. 

If in a vitamin various isosteric replacements are introduced, an antagonist, frequently a 
very powerful one, which has exactly the opposite effect to that of the vitamin, may result The 
same is true with many amino acids. With this in mind, we can regard some of the groups of 
isosteric drugs as being mere families of antimetabolites. If the real metabolites to which they 
may be related are tested, then there should be no surprise if their activity is quite the opposite 
of the series to which they are isosteric. 

I think, in coming down to the practical matter of thinking about synthetizing useful agents' 
we must never lose sight of this fact that, if we start with the biologically active compound (that ' 
is the metabolite), it is an entirely different problem than if we start with the product in the 
laboratory; to wit, an already existing analog. Isosteric replacement may have quite opposite 
effects in these two situations. 

DR. FRIEDMAN : This may be an erroneous way of looking at it, but I always consider 
that an antimetabolite really has the same mechanism of action as the metabolite. Thinking in a 
pictorial manner, both the metabolite and its isostere start with the same mode of action- the 
isostere is hooked into the system in the same place as the metabolite would have been But the 
rest of the mechanism beyond this stage is blocked when the antimetabolite is present and thus 
growth, or whatever consequence is involved, is prevented. 
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The Chemical-Biological Coordination Center is affiliated 
directly with the Executive Board of the National Research 
Council of which Mr. William W. Rubey is Chairman. It was 
established on July I, 1946, and succeeded the O.S.R.D. Insect 
Control Committee. Its objectives are: (I ) To assemble and 
organize information which describes (a) the effect of chemi- 
cals on biological systems (plants and animals, their organs, 
tissues, cells and cell constituents); (b) the metabolism of 
test chemicals within biological systems; (c) the mechanism 
of drug action or which provides information leading to an 
understanding of such action. (I) To sponsor the preliminary 
testing ("screening") of compounds, solicited by the Center, 
on a variety of plants and animals (including microorganisms) 
to determine the biological effects of the compounds and to 
make the resulting data available for use. (3) To prepare 
reviews of the literature on: (a) The effect of chemical 
structure upon various biological actions; (b) Test methods 
used in determining such actions. (4) To sponsor symposia 
concerned with the correlation of chemical structure with 
biological activity. 

The data in the files of the Center are available to 
representatives of the sponsoring agencies, the screening 
agencies and to authorized scientists generally upon request. 
The sponsoring agencies are the Atomic Energy Commission, 
the Department of the Army, the Department of the Navy, the 
U.S. Public Health Service and the American Cancer Society. 
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